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SUBMISSION  OF  PAPERS 
Suggested  topics  for  papers  include 


NUMEIUCAL  METHODS 
Differential  methods 
Integral  methods 
Method  of  Moments 
Finite  Element  ntethods 
Finite  DiT  nence  methods 
riTD/FTD  methods 
Spectral  Domain  techniques 
Low/High  frequency  issues 
Time  Domain  techniques 
Hybrid  techniques 
Perturbation  muUipole  methods 
New  algorithm.i 


CODE  DEVELOPMENT 
EM  Field  Codes 
NEC 

GBMACS 

System  Compatibility  Codes 
lEMCAP 
SEMCAP 
AAPG 
COEDS 

Time  Domain  codes 
Code  validaiiuii 
CAD/amomesh  generation 
Graphical  I/O  techniques 


APPLICATIONS 
An'^nna  analysis 
BMC/EMI 

EMP/shieldingAadiation  effcctc 

Impulse  and  tiansienl  analysis 
Propagation  and  scattering 
Microwave,  mm-wave  components 
EM  machines  and  devices 
Power  transmission 
Accelerator  design 
Biological  interpretation 
Data  interpretation 
Code  studies  of  basic  physics 


TIMETABLE 

October  1st  1991:-  AbsWact  Submission 

Refereeing  is  carried  out  on  the  abstract  which  irmst  not  be  tnore  than  a 
single  page  including  figures.  Please  supply  four  copie.s. 

November  1st  1991:-  Authors  notified  of  acceptance 

January  15th  1992:-  Submission  of  camera-rt.Ttdy  copy,  no*,  more  titan  8  pages  inc'.uding 

figures.  All  subitiissicns  becontte  the  property  of  the  SYJ.IPOf.IUM  and 
will  not  be  returned.  Fhe  author  of  each  paper  accepted  for  publication 
will  be  required  to  provide  Copyright  Rele  fses  from  tlie  auth.or  and  the 
sponsoring  organisation  to  the  Symposium.  C opyrighl  Release  fonns 
will  be  supplied  at  time  of  acceptance.  The  author  and  sponsoring 
organisation  will  retain  the  right  to  free  use  of  the  copy  protected 
maierial.Por  both  abstract  and  final  paper,  please  supply  the  following 
data  for  the  lead  author  -  Full  name,  adi:ess,  telephone  and  FAX 
number  for  both  work  and  home  and  a  brief  professional  biography 
Cost  per  person  for  the  Symposium  will  be  $180.0  ($195.0  after  March  9th  1992). 

SHORT  COURSES 

These  will  cover  numerical  teeliniques,  computational  methods,  surveys  of  EM  analysis  and 
code  us  ige  instruction.  Fee  for  a  short  course  is  expected  to  be  $70.00  per  peison  for  a  half¬ 
day  course  and  $120.0  for  a  full  day,  if  booked  before  March  2nd  1992.  Full  details  will  be 
published  by  October  1st  1991, 

DEMONSTRATIONS 

These  will  cover  computer  demonstrations,  software  demonstrations,  poster  papers  and  key¬ 
note  speakers. 

VENDOR BOOTHS 

'Fhesc  wili  cover  product  distribution,  small  company  capabilities,  new  commercial  codes. 
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Share  your  knowledge  and  expertise  vrith  your  colleagues 
at  the  Applied  Computational  Electromagnetics  Society's 
8th  Annual  Review  of  Progress 


The  Annual  ACES  Symposium  is  an  Ideal  opportunity  to  participate  In  a  large  gath¬ 
ering  of  EM  analysis  enthusiasts.  Whether  your  interest  is  to  learn  or  to  share  your 
knowladge,  this  symposium  is  aimed  at  you.  In  addition  to  technical  publication,  the 
Symposiutn  organises  live  demonstrations  and  short  courses.  All  aspects  of  elec¬ 
tromagnetic  computational  analysis  are  represented. 

The  purpose  of  the  Symposium  is  to  bring  analysts  together  to  share  information 
and  experience  about  the  practical  application  of  EM  analysis  using  computational 
methods.  Thero  are  four  areas,  Symraslum  papers,  short  courses,  demonstrations 
and  vendor  booths.  The  NSF/iEEE  CAEME  (Computer  Applications  in  Eiectromag- 
netics  Education)  Center  will  organise  a  special  session  of  technical  presentations 
un  Compute.  Applications.  This  special  session  v.;iti  cover  topics  of  interest  in 
education/training,  evolving  computer  technologies  and  the  latest  In  electromagnet¬ 
ics  computation  and  analysis.  In  conjunction  with  the  special  session,  there 
will  be  booths  dedicated  to  the  interchange  of  ideas  and  software.  Please 
contact  Magdy  Iskander  for  CAEME  details.  Contact  Pat  Foster  for  details  of  the 
other  events. 
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CONFERENCE  CHAIRMAN’S  SUMMARY 


In  this  year's  conference  we  have  made  nrK>dest  gains  In  planning  and  organization.  The 
most  oOvlous  change  Is  the  publication  of  the  conference  proceedings  In  time  tor  distribution  at 
the  conference.  This  is  duo  primarily  to  the  conscientious  delivery  of  the  papers  by  the  authors  and 
d  super  effort  on  the  part  ot  Dick  and  Pat  Adler  In  organizing  the  volume  and  getting  It  to  the  printer 
In  time  tor  publication. 

We  have  also  arranged  tor  advanced  notice  ot  next  year's  conference  complete  with 
Program  Committee.  Dr.  Patricia  Foster  ot  the  United  Kingdom  will  be  the  1992  Symposium 
Chairman  and  Dr.  Perry  Wheless,  Jr,  ot  the  University  of  Alabama  Is  providing  stateside  support  as 
the  Conference  Co-Chairman.  The  1992  Conference  ■Call  tor  Papers*  Is  published  In  these 
proceedings. 

It  has  been  the  Interest  of  ACES  to  promote  International  participation  at  ACES  confer¬ 
ences.  This  year  we  have  Initiated  an  ■International  Fcrum'  by  recruiting  representatives  from  each 
ot  eight  International  regions  to  oddress  tne  conference  and  discuss  topics  ot  technical  signifi¬ 
cance  In  their  region  ot  the  world.  We  sincerely  hope  that  these  addresses  will  promote 
Internallonal  dialog  on  technical  Issues  ot  computational  electromognetics. 

Asmany  of  you  know.  ACES  hasmaturad  wlththe  Incorporation  ot  the  society  last  year.  With 
this  expansion  comas  the  responsibility  ot  economic  self  sufficiency.  ACES  has  been  sponsored  for 
many  yearsby  the  donatlonsoffacllltlesand  flnanclalsupport  from  such  organlzatlonsasthe  Naval 
Postgraduate  School  and  Lawrence  Livermore  Lobs.  In  the  future,  like  competing  technical 
organizations,  ACES  will  be  required  to  undergo  long  range  fiscal  planning  ond  sound  financial 
operations.  Ttils  year's  conference  Is  a  start.  Care  has  been  taken  to  minimize  conference  costs 
and  Improve  revenues.  We  conservatively  project  more  than  $5,000,00  In  cost  savings  and 
additional  revenues  compared  to  past  conferences.  These  results  bring  ACES  closer  to  total  self 
suffUniency  and  allow  us  to  consider  new  and  novel  activities  such  as  sponsored  International 
attendees  and  funded  computational  competitions. 

As  a  result  Of  negotiatloris  wltti  MIT,  C  AEME  will  offer  a  1 20  minute  version  ot  the  MIT  video 
on  "Experimental  DemonsIratlonsforTodchlng  Electromagnetic  Fleldsand  Energy*.  In  cooperation 
with  CAEME,  ACES  has  purchas  )d  the  video  at  cost  for  free  distribution  to  each  registered 
conference  attendee.  Additional  copies  of  the  video  will  bo  available  from  CAEME  at  the 
conference  for  $1  o.oo  ($25.00  after  the  conference).  This  Isa  substantial  discount  compared  to  the 
commercial  value  ot  the  MIT  material.  Dr.  Magdy  Iskander,  CAEME  director,  Is  to  be  commended 
for  his  efforts  In  successfully  oiionglng  for  the  generous  contribution  of  this  MIT  video  material  to  the 
technical  community. 

With  thegraclouseffortsof  Dr.  Magdy  Iskander,  CAEME  director,  and  Kathy  Lee,  the  Vendor 
Booth  Co-Chairrnan,  we  have  organized  fourteen  vendor  booths  at  this  year  s  conference.  Six  are 
CAEME  associates  ond  eight  are  commercial  product  vendors.  These  vendor  booths  provide 
exposure  to  products  and  services  of  Interest  to  ACES  attendees  In  oddltlon  to  generotlng 
conference  revenues, 

Another  feature  is  repeated  this  year  with  the  ottering  of  two  full  day  ond  tour  halt  day  short 
courses  on  the  Monday  ot  conference  week.  We  wish  to  express  out  appreciation  to  the  1 991  Short 
course  Chalrrrxan,  Dr.  John  Rockway,  for  organizing  the  short  course  curriculum.  The  lecturers  are 
to  be  commended  for  the  excellent  quality  of  the  short  course  material  offered  this  year. 

Wo  do  not  have  news  to  report  of  the  time  ot  this  printing  concerning  Inclusion  of  ACES 
papers  In  technical  library  data  bases.  Dialog  has  been  initloted  with  the  IEEE  and  we  hope  to  have 
progress  to  report  at  the  conference. 
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Asa  result  of  the  material  offered  In  the  technical  papers  thisyear.  we  have  several  new  ses¬ 
sions,  There  are  three  sessions  relating  to  time  domain  analysis  techniques  and  solutions.  A  second 
new  topic  is  the  low  frequency  session  that  has  resulted  from  Internaflonal  papers  dealing  with 
transfornrer  analysis  and  electrical  power  probloms. 

An  added  feature  in  the  table  of  contents  are  two  or  three  letter  keys  to  Indicate  topic  as- 
soclatlonsfor  each  paper.  This  Isas  a  result  of  the  screening  process  used  to  place  each  paper  Into 
a  technicalsession.  These  are  In  addition  to  the  more  general  session  tltlesand  are  intended  to  help 
minimise  confusion  over  ihe  probability  that  a  technical  paper  contains  multiple  topics  of  interest 
to  an  ACES  reviewer.  As  an  example  there  is  a  session  of  “NEC  Antenna  Analysis”.  In  adaitlon  all 
conference  papers  In  which  NEC  was  used  are  labelled  with  the  (NEC)  key  for  quick  Idenflflcotlon. 
We  hope  fhot  these  keys  will  assist  the  reader  In  more  quickly  finding  topics  of  Interest. 

In  conclusion  let  us  welcome  you  os  o  conference  attendee  and  wish  you  success  In  your 
search  tor  knowledge  In  the  growing  field  of  computational  electromagnetics. 

Frank  Ellis  Walker 

1991  Symposium  Chairman 
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ACES  PRESIDENT'S  STATEMENT 


The  exhilarating  spring  Peauty  and  charm  oi  the  Monterey  Peninsula  end  the  hospitality  ol 
the  Naval  Postgraduate  School  have  become  synonymous  with  the  Annual  Reviews  of  Progress  in 
Computational  Elecfromagnetlcsot  our  Society,  l  take  pleasure  in  welcoming  you  to  this7th  review. 
I  hope  that  you  will  once  more  share  with  me  the  appreciation  of  this  environment  while  obtaining 
the  practicai  Oenetits  of  a  rich  technicai  program  of  papers,  short  courses,  and  display  booths  that 
Frank  Walkor  and  his  team  have  prepared  for  us  this  year. 

Let  me  assure  you  that  the  officers  and  directors  of  ACES  appreciate  your  participation. 
Your  attendance  at  the  symposium  helps  to  make  a  viable  and  thriving  technical  society.  To  the 
outhors,  Instiuctors,  and  chairmen  my  thanks  for  your  efforts  and  willingness  to  participate  In  this 
Important  capacity.  Wo  are  most  interested  In  the  reaction  of  companies  and  individuals 
participating  In  vendor  dlsplQ,-'S.  We  should  llketo  takeodvantageof  your  experience  to  improve 
our  offerings  In  the  years  to  come. 

I  also  Invite  you  to  considei  Inctaasing  your  involvement  with  ACES  activities.  But  It  Ismy  hope 
that  you  will  leave  this  yeai's  event  with  your  expectotlonslulfllledand  with  a  resolve  to  moke  plans 
to  attend  In  1992. 


Jr.  Stan  Kublna 

ACES  President 

1992  CONFERENCE  CHAIRMAN'S  STATEMENT 

Aschairman  for  the  1 992  Symposium.  1  would  llketo  welcome  you  to  that  event.  The  primary 
dim  of  the  Symposium  Is  the  interchange  of  information  and,  although  the  centerpiece  of  the 
Symposium  remains  In  the  sessions  given  by  you.  the  authors,  there  are  other  ways  In  which  we  can 
oil  gain.  The  good  work  of  the  1991  Symposium  will  continue  In  1992  with  mote  short  courses  to  bring 
you  dll  up  to  date  with  the  latest  techniques  ot  teacn  those  starting  out  in  this  field  the  basic  tools 
of  the  trade.  We  will  Identify  those  courses  suitable  for  training  purposes.  We  also  hope  to  run 
another  exhibition  as  I  believe  It  Is  In  the  Inteiosls  ol  ACES  to  know  what  piograms  are  available 
commercially  and  for  software  Interchange.  No  amount  of  reading  promotional  literature  can 
replace  conversation  with  suppliers  and  other  users. 

After  seven  years  ot  the  ACES  Symposium,  wo  can  claim  that  It  has  become  a  notable 
feature  ol  the  eleotromognetlc  year  but  that  does  not  mean  that  It  cannot  be  Irnpioved  upon.  I 
hope  dll  ot  you  will  consider  what  help  you  can  give  In  otgonlklng  the  Symposium  to  be  mote 
suitable  for  you.  You  do  not  have  to  volunteer  to  work  on  a  committee  but  you  con  write  to  me 
to  spoclty  what  you  like  about  this  Symposium  or  hove  noticed  as  an  omission, 

Pat  Foster 

1992  Symposium  Chairman 
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SHORT  COURSES 

FULL-DAY  COURSES;  (Approximately  6  hour  Course) 

0830  "The  ESSENCE  Of  Electromagnetic  Radiation" 

Dy  Dr.  Robert  M.  Bevensoe,  Consultant 

0830  "The  Electromagnetic  Analysis  of  Mlcrostrlp" 
by  Dr.  James  C.  Rautlo,  Sonnet  soltware 

MORNING  HALF-DAY  COURSES: 

0830  “UTD  and  Its  Practical  Applications" 

by  Dr.  Ronald  J.  Vlaihefka,  The  Ohio  Stats  University  Electroscler.ee  Laboratory 

0830  "An  Overview  of  several  Topics  in  Electromagnetic  Modeling" 
by  Dr.  Edmund  K,  Miller,  Los  Alamos  National  Laboratory 
and  Gerry  Burke,  Lawrence  Livermore  Notional  Laboratory 

ARERNOON  HALF-DAY  COURSES: 

1300  "Introduction  to  GEMACS" 
by  Dr,  Edgar  L.  Coffey  III 

1 300  "Volume  Integral  Equations  and  Con|ugate  Gradient  Methods  in  Electromagnetic  Non 
destructive  Evaluation" 

by  Dr.  Harold  A.  Sabbogh,  Sabbagh  Associates,  inc. 


1800  -  2030  REGISTRAflON  lOlASpanagel 

1830  ACES  BOARD  OF  DIRECTORS  DINNER 

2000  ACES  BOARD  OF  DIRECTORS  MEETING 

(Members  Invited  to  observe)  1 22  Ingetsoll 
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A  PORTABLE  INTERACTIVE-GRAPHICS  PRE-PROCESSOR  FOR  USE  WITH  WIRE-GRID 
MODELUNG  SOFTWARE 


P  S  EJicell  &  A  F  Annanious* 

Electrical  Engineering  Department,  Univertity  of  Bradford,  West  Yorkshire,  UK 
‘now  at  Sultan  Qaboos  University,  Oman 

Abstract 

An  interactive-graphics  input  program  for  wire-grid  moment-method  modelling  packages  is  described.  1'liis 
was  written  in  For  tran-77,  using  the  standard  GKS  (Graphical  Kernel  System)  graphics  commands  in  order 
to  maxiniisc  the  portability  and  maintainability  of  the  software.  The  program  contains  several  features  to 
ease  the  inputting  of  the  physical  structure  of  the  wire-grid  object  and  its  subsequent  sub-division  into 
segments  of  appropriate  length.  The  object  can  be  visualised  on  a  graphics  screen,  with  or  without 
annotations.  The  output  data  may  be  formatted  to  conform  to  the  input  requirements  of  a  number  of 
standard  moment-method  packages. 

1.  Introduction 

Wire-grid  modelling  involves  the  fictitious  rcpiacumcnl  of  continuous  metallic  surfaces  m  an  atbilrai  y  mcluUic 
structure  with  wire  meshes  having  aperture  perimeters  that  arc  small  compared  with  a  half-wavelength  at 
the  frequency  of  interest.  The  input  into  a  computer  of  the  topology  of  a  complex  metallic  .structure,  and 
its  conversion  into  a  corresponding  wire-grid  model,  is  a  tedious  procedure  that  is  prone  to  many  sources 
of  error.  This  problem  has  been  widely  recognised,  and  interactive  graphics  input  programs  such  .is 
IGUANA  [1]  and  GAUGE  [2]  have  been  developed  to  aid  input  to  specific  modelling  programs.  In  addition, 
certain  other  programs  designed  to  run  on  personal  computers  incorporalc  integral  input  graphics  routines 
[3,4].  While  these  programs  have  many  merits,  they  have  the  limitulioii  that  they  can  only  bo  Used  on  one 
display  device  (an  IBM-typc  personal  computer),  and  they  each  produce  output  data  In  u  format  .si>ccinc  to 
ouc  solution  program. 

T  he  lack  of  an  all-pcrvading  standard  fur  computer  graphics  remains  a  very  serious  Impediment  to  many 
applications.  Thu  Graphical  Kernel  System  (GKS)  was  an  attempt  to  rcctii'y  this  stiuulion  and,  allhuugli  its 
uptake  has  been  less  widespread  than  might  have  been  dc.sirud,  it  remains  one  of  the  few  widely-u.sed 
graphics  standards^  at  the  time  the  work  reported  here  was  cuinmenccd,  it  was  effectively  the  only  graphics 
standard. 

It  i.s  well  known  to  practitioners  of  wire-gr  id  mumcot-method  raodolling  that  it  is  seldom  possible  to  place 
a  high  degree  of  confidence  in  the  tirsl  results  from  any  attempt  to  model  a  complex  structure.  T'hc  normal 
heuristic  approach  is  to  compare  the  initial  prediction  with  the  nearest  availatric  analytical  solution  in  order 
to  cticck  that  it  is  fundamentally  physically  reasonable,  awl  then  to  ru-run  the  nitxlcl  with  changed  values  of 
suiiiu  ol  the  arbitrary  parameters  in  order  to  check  that  the  results  remain  stable.  Despite  commendable 
attempts  by  some  to  improve  the  rigour  and  reliability  of  the  method,  strategies  of  this  type  are  likely  to 
cuntinuc  and  it  was  felt  that  it  would  be  very  desirable  if  variation  of  the  moment-method  formulalioii  and 
the  solution  method  were  available  as  an  alternative  to  variation  of  the  wire-grid  parameters.  To  this  end, 
it  Was  decided  tliat  tire  program  dcscribcr!  here  should  incorporate  a  menu  of  several  different  well-known 
moment  .method  packages  such  that  the  output  rlata  from  this  ptc-pr>x:essot  could  be  furmutted  in  such  a 
way  that  it  was  immediately  usable  as  input  to  the  rhoscii  solution  package. 

2.  - The  Ciraphical  Kernel  System  (GK.S1 

The  Graphical  Kernel  System  is  a  set  of  graphical  software  library  routines,  written  by  an  internatiotiai 
working  group  in  the  early  19S0s,  and  published  as  an  international  stundru'd  by  ISG  in  198S  [.IJ. 
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(iKS  U  a  dcvicc-indepcadent  system  which  has  the  facility  to  support  a  wide  variety  of  graphical  devices. 
Thus  the  scurcc  program  may  be  transferred  from  one  computer  to  another  without  the  need  for 
modifications,  since  it  is  independent  of  device  drivers  (which  exist  as  commercial  software  for  a  wide  variety 
of  computers).  The  object  of  the  device  drivers  is  to  drive  the  device  concerned  within  the  operating  system 
rather  than  maldng  it  dedicated  to  the  program,  hence  the  program  uses  normalised  device  coordinates.  The 
GKS  version  used  was  only  fmplemciited  for  two-dimensional  coordinates.  However,  three-dimensional 
structures  may  easily  be  projected  onto  two  dimensions.  The  next  sections  introduce  some  of  the  features 
of  GKS  used  i  i  the  program,  known  as  Wire  Grid  Modelling  (WGM). 


Instead  of  considering  individual  input  and  output  devices,  GKS  introduced  the  concept  of  a  'worlcstation' 
(not  to  be  confused  with  the  normal  understanding  of  this  word  as  a  piece  of  computing  hardware).  The 
idea  of  using  workstations  in  a  program  is  try  to  relate  all  of  the  graphics  calculations  to  a  system  of 
normalised  device  coordinates.  Ihc  device  coordinates  may  be  applied  to  a  display,  plotter,  digitizer,  etc. 
Thus  a  program  which  uses  the  GKS  Library  may  dcfmc  all  the  workstations  which  may  be  used  at  the  run 
time.  These  workstations  are  labelled  with  common  names  (e  g.  display,  printer,  plotter,  digitizer,  etc.).  Each 
workstation  name  may  l>c  opened  for  ditfercni  devices,  by  loading  the  appropriate  device  within  the  operating 
system.  For  example,  in  using  GKS  on  an  IBM-PC-typc  computer,  assuming  the  workstation  used  is  called 
’DISPLAY’,  then  different  devices  fur  the  display  may  be  used,  c.g.  colour  graphics  adapter  (CGA), 
enhanced  colour  graphics  adapter  (EGA),  etc.  I  he  same  principle  is  applied  for  the  printer  workstation,  etc. 
The  workstation  must  be  aaivated  before  it  is  used,  and  deactivated  before  it  is  closed. 


During  the  execution  of  a  program,  graphical  output  can  be  saved  for  later  use  in  the  execution  session.  In 
GKS,  this  upc'  alion  has  the  concept  of  a  ’segment’  (not  to  be  confused  with  wire  segments,  as  used  in  the 
Moment  Method).  The  segments  have  a  number  of  attributes  associated  with  them.  The  operation  of  storing 
graphical  output  during  execution  is  achieved  by  crealirig  .s  new  segment;  whenever  graphical  output  is  issued, 
it  will  not  be  displayed  on  the  screen  until  the  segment  is  closed.  Once  the  segment  is  closed,  it  can  be 
copied,  deleted  or  renamed  and  Its  attributes  can  be  changed.  The  segment  attributes  control  the  following: 


1 .  Rotating  and  translating  the  whole  set  of  coordinates  which  arc  stored  in  the  requested  segment, 
using  a  segment  transformation  matrix. 

2.  Thu  segment  may  be  set  as  visible  or  hidden. 

3.  The  .segment  may  be  highlighted  to  draw  the  opcraior’c  attention  lo  a  certain  object. 

4.  Segments  may  have  different  priorities  lO  ronlrol  which  .segment  numb.sr  appears  in  front  of  the 
others  on  a  display. 

5.  Segments  may  be  set  to  be  delectable  or  nut  detectable  for  input  pickup. 


As  meiitioiicd  above,  the  'world’  eoerdinutes  (l.c.  user  K,y  coordinates)  are  normalised  to  the  device 
coordinates.  In  general,  the  scale  is  di'.rincd  by  the  coordinates  of  a  reetanguiar  window.  Thus  in  GKS, 
different  transformation  numbers  may  lx:  set  to  each  appropriate  window  and  the  requested  scale  may  be 
referred  to  by  its  traiisfuriiiatioiinumbcr.  The  maximum  number  of  transforination  numbers  is  in.slal- 
lulion-depciidenl. 


GKS  uri'crs  six  different  methods  fur  interaciive  input.  Each  method  may  be  used  through  an  appropriate 
input  device  (c.g.  cursor  control  keys:  i'  back-ball;  a  joystick;  a  graphics  tablet  (digitizer);  a  mouse;  or  a 
lighljicn). 
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1.  LOCATOR:  used  (o  input  (x,y)  coordinates. 

2.  PICK:  used  to  pick  (select)  a  displayed  abject  on  the  screen. 

3.  CHOICE:  used  to  select  an  item  from  a  set  (menu)  of  alternatives. 

4.  VALUATOR:  used  like  a  potcutiomcier  for  inputting  a  numerical  value  from  a  qu&si-continuous 
linear  distribution 

5.  STROKE:  used  to  input  a  sequence  of  (x.y)  positions. 

6.  STRING;  used  to  i*'.put  a  string  of  characters  from  the  keyboard. 

These  logical  devices  need  to  be  initialised  before  they  arc  used. 

3.  The  Interactivc-GraDhics  Pre-Processor 

The  prc-proccssor  program  for  wire  grid  modelling,  named  W(iM.  was  dcvclo])cd  using  standard  Fortran-77 
with  GKS  grapliics  commands.  Fig.  1  shows  the  display  format,  three  windows  being  used  within  this.  The 
first  window  is  used  for  menus,  the  second  for  warning  messages  and  string  input  and  the  thiid  is  the  main 
window  for  display  of  llic  sli  uciurc.  These  windows  arc  .set  to  (Kcupy  the  whole  display,  thus  each  window 
is  set  to  a  certain  portion  of  (he  maxiniuin  view  port  (i.c.  the  whole  .screen).  Thus  three  transformation  scales 
have  to  be  used  for  the  three  windows.  Thu  CHOICE  loj^cal  input  duNdco  is  set  for  selection  of  an  option 
from  the  menu.  An  item  from  the  menu  can  be  .selected  by  one  of  the  standard  set  of  ten  function  keys  on 
a  Per.soiial  Computer.  The  program  uses  a  small  number  of  work^ations,  these  being;  WISS,  DISPLAY,  and 
PRINTER.  The  Workstalion-lndej>cndcnl  Segment  Storage  (WISS)  is  u.scd  to  enable  the  copying  of  segment 
storage  to  other  workstations  (e.g.  printer  or  plotter). 

XI _ Menu  Structure 

The  menu  consist.s  of  u  root  menu  and  menu  trees.  I'hus  each  option  in  the  root  menu  is  a  sub-menu  and 
each  option  in  u  sub-menu  is  another  sub-menu.  The  function  keys  F9  and  MO  in  the  sub-menus  are  always 
Uvscd  to  return  to  the  la.st  or  the  ro<U  menu  respectively.  A  program  was  written  for  creating  or  modifying 
a  fixed  database  menu  sy.stem  winch  was  (hen  used  as  a  data  file  by  the  WfiM  progiam. 

in  order  to  solve  and  .simplify  the  geonietry  input  problem,  the  program  should  be  rich  with  different  options. 
I'uble  I  shows  the  menu  .structure  created:  although  (he  program  dues  not,  at  present,  contain  all  of  the 
options  listed,  the  main  options  were  developed  and  the  program  thus  provides  a  structure  for  further 
development  and  improvement.  Implemented  options  are  dcscril»cd  Ik*1ow. 


Thu  start  of  any  problem  should  be  its  dennition.  1'he  deTinUions  include  any  of  the  following: 

1.  The  axi.s  oricntatioii.s  and  the  location  of  the  origin  on  the  screen.  Also  (he  axes  can  be  set  to  be 
either  displayed  or  hidden. 

2.  1  he  scales  of  the  structure:  these  are  simply  the  range  of  dimcnsion.s  of  the  rectangular  prism  which 
cumpieicly  surrounds  the  whole  structure. 

3.  The  0(>crating  frequency  or  the  wavelength,  required  to  control  the  wire  segment  length. 

4.  I'he  output  format,  deicrinined  by  the  choice  of  clcctromagncties  software  package  which  will  use 
the  generated  data.  Outputs  feeding  the  following  codes  were  implemented:  NEC  |(>);  GEMACS  |7]; 
Richmond's  code  |8|;  Chao  &  .Strait’s  code  |9j;  aiidTWC  (1(1)  (a  code  l)y  the  present  authors,  based 
on  the  same  runnulution  as  MININEC  (3{). 

5.  The  wire  radii  used  in  the  wire  itiodel:  during  the  inlcraclioii  session  any  radius  may  be  referred  to 
by  it.s  index  numlKi  . 

3.1.2  ATTRIBUTE 

The  graphical  atlrilmles  arc:  colour,  line  type,  and  |H>inl  marker  lyiie. 
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3.1.3  DRAW 


This  is  the  most  important  part  of  the  menu  and  consists  of  the  following: 

1.  Draw  point  with  label  given  by  the  program.  The  point  can  be  entered  in  cartesian,  cylindrical  polar, 
01  spherical  polar  coordinates.  Relative  coordinates  can  also  be  entered  (i.c.  relative  to  previous 
point). 

2.  Derme  a  structure  boundary.  The  user  may  start  from  a  point  in  space  and  then  automatically  draw 
a  continuous  boundary  (which  may  be  open  or  closed)  through  any  other  paints  specined. 

3.  Line  ulilitic.s,  requiring  knowledge  of  the  coordinates  of  one  end,  line  (wire)  length  and  some  other 
parameter  such  as:  line  parallel  to  another  line  or  a  plane;  line  perpendicular  to  another  line  or  a 
plane;  or  direction  angles  of  the  line. 

4.  Wires  may  be  created  by  connecting  a  line  between  two  points,  or  between  one  point  and  a  numlicr 
of  points. 

5.  A  wire  may  be  automatically  divided  into  a  specined  number  of  equal  segments. 

m—Ecii 

Editing  the  geometry  is  an  essential  feature  to  aid  rapid  building  of  the  structure. 

The  edit  menu  cousists  of: 

1.  Erasing  a  point  or  segment,  or  all  segments  having  a  given  lag  number. 

2.  Changing  a  segment  tag  number  or  its  radius;  changing  a  point  number  or  segment  number; 
changing  attributes  (e.g.  segment  colour,  and  displayed  line  ty(ic  (dotted  etc.)  of  a  wire  segment). 

3.  Rotating  and  duplicating  the  structure. 

3.1..S  DISPLAY 

This  option  is  designed  to  aid  (he  user  to  esploit  the  maidmiun  degree  of 
visuoliktion  possible.  It  has  the  following  options: 

1.  The  structure  can  be  viewed  in  one  of  the  three  major  planes  (i.c.  x*U,  y=U,  or  /.>0).  Altcrnalively 
the  elevation  angle  or  the  view  angle  may  be  changed. 

2.  Zoom  to  fit  the  whole  structure  into  the  whole  working  window. 

3.  Display  the  labels  of  either  points,  or  wire  segments,  or  both. 

lUi - OQl 

With  the  concept  of  the  workstation,  any  part  of  the  structure  may  be  plotted  easily.  Thus  the  user  may  plot 
the  whole  structure,  or  any  scleaed  parts  (selected  by  tag  number,  or  block  etc.). 

lu _ Ecm 

This  option  is  used  to  write  all  the  segment  coordinates  into  a  file  (with  a  formal  determined  by  the  chu.sen 
electromagnetics  code).  It  also  saves  all  the  data  entered  during  the  interaction  session  and  exits  from  the 
WGM  program. 

12 - Iwo-Diiacnsional  Display  of  Threc-Diincnsiunal  Strucimcs 

Since  the  structures  modelled  ate  relatively  compact,  the  use  of  perspective  is  uut  essential  and  a  simple 
method  for  projection  was  iLscd.  In  this  method  any  three-duncn.sioaal  point  will  be  projected  on  the  plane 
of  the  screen  (which  is  defined  by  spherical  view  angles  0  and  t,  these  being  the  ixdar  angles  of  the  normal 
to  the  plane  relative  to  the  origin). 
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3.3  Datiihasp.  Storayi;  uf  Wire  S.-ynicni  t*;if.ip<clcf!i 


To  avoid  the  problem  of  memory  limitalioo  wAen  vturing  the  wire  segment  paraineiers,  a  binary 
random-aecess  Ole  was  uacd.  The  u.w  of  such  a  direcl-acecaa  file  nieana  thal  the  limit  for  the  maximum 
number  of  segments  is  determined  by  the  available  disk  space.  Using  the  concept  of  (iK.S  .segment  .storage, 
any  point  marker  with  its  label  and  any  line  reprtesealing  a  wire  segment  are  stored  in  .separate  graphics 
segments.  To  maximise  the  use  of  available  storage,  data  for  a  |H)int  and  a  wire  with  the  same  input  sequence 
number  are  stored  together  in  a  single  record,  even  thougli,  in  general,  they  will  nt)l  be  connected  with  each 
other. 

Note  that  the  program  always  remembers  the  currenl  total  numbers  of  wire  .segments  and  points  which  have 
been  entered.  At  the  end  of  a  session,  the  numbers  uf  wire  segments  and  points  are  saved  in  some  rc.servcd 
records  in  the  file,  together  with  the  current  scale  in  use  and  the  current  segment  attributes  for  new  wire 
segments. 

_ WGM  Program  Structure 

The  WCiM  program  starts  with  a  menu  of  three  options.  T  hese  arc  to  select  whether  to  .start  u  fresh  model, 
to  retrieve  data  built  in  a  previous  session,  or  to  build  a  model  from  a  NEC.'  geometry  data  input  Tile. 

As  explained  above,  'he  three-dimensional  coordinates  arc  mapped  imo  two-dimensional  ctxn'diiiules.  T  has 
any  basic  operation  (u.g.  dividing,  rotating,  duplication)  on  the  structure  will  lx:  ix:rrorined  fust  on  the 
thiee-dlmcnsiuiial  luprcsentation  and  then  the  resulting  tlucu-dimunsional  coordinates  will  be  mapped  iniu 
two  dimensions  as  explained.  (Ince  the  .structure  has  been  modelled,  the  program  can  generate  all  the 
geometrical  input  data  in  the  format  required  by  the  elioscn  Method  uf  Moments  computer  program. 

An  example  of  the  modelling  of  a  simple  structure  is  given  in  Fig.  2,  which  show.s  u  box  (an  idealised  vehicle) 
with  a  monupolc  antenna  mounted  on  the  top.  This  model  was  run  with  NEC,  using  a  lo.ssy  ground  pluitc 
to  simulate  u  real  environment.  Figs.  3  and  4  show  the  electric  Field  pattern  for  the  structure  in  the  iheta  und 
phi  polarizatiuus  rcs|x:aivuly. 

i _ CJoucluaiuH 

A  cumputer-aidcd  technique  fur  inputting  and  displaying  large  geometrical  data  eels  has  Ixten  described.  T'his 
u.ses  device-independent  graphical  software  commands  from  the  <  iraphical  Kernel  .System  (GKh),  chosen  as 
the  most  flexible  method  of  uchieviug  Ihi.s.  ileverai  methods  of  inputting  the  geometrical  data  set  arc 
desirable  and  these  are  provided  in  GK$.  The  guomutiy  input  problem  was  tackled  by  combining  a  database 
system  fur  the  model  with  an  interactive  graphics  CAL>-tyt)e  program  such  that  the  u.ser  interaction  was 
translated  into  database  query,  add  uad  update  commands.  As  shown  alxwe,  the  WGM  program  was 
provided  with  a  very  detailed  database  menu  which  may  lie  extended  for  further  work  und  ret|uircnients. 

The  use  of  GKh  involves  au  additional  soflwaie  library  resource,  but  this  is  eompensated  by  the  ixilenllul 
ixirtabilily,  giving  a  uniform  input  system  uu  any  computer  for  which  UKS  drivers  are  available. 
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Menu 

Function  Keys 

name 

Di 

F3 

FA 

F5 

F6 

F7 

F8 

ROOT 

DEFINE 

ATTRIB 

DRAW 

EDIT 

DISPLAY 

IJVYERS 

BLOCK 

INQUIRY 

DEFINE 

AXIS 

SCALES 

FREQ. 

CODE 

RADII 

PLANE 

SURFACE 

AUTO  S. 

AITRiB . 

COLOUR 

LINE  T. 

MARK  T. 

HIDE 

DRAW 

POINT 

BOUND. 

LINE 

ARC 

RECT. 

PATCH 

DIVIDE 

CONNECT 

EDIT 

ERASE 

CHANGE 

ROTATE 

MOVE 

MIRROR 

CYL.  R. 

DISPLAY 

VIEW 

ZOOM 

FIT 

WIRES 

POINTS 

TAG 

RADIUS 

2D 

LAYERS 

X-0 

Y-Q 

Z-0 

PLANE 

SURF. 

BLOCK 

DEFINE 

INQUIRY 

POINT 

SEGMENT 

PLOT 

ALL 

WIRES 

POINTS 

TAG 

RADIUS 

SCALE 

END 

SEG(S) 

QUIT 

AXIS 

SHOV 

HIDE 

ORIGIN 

create 

SCALES 

ALL 

X  SCALE 

Y  SCALE 

Z  SCALE 

CM. 

METRE 

INCH 

WAVE 

FREQ. 

GHZ 

MHZ 

KHZ 

WAVE/M 

CODE 

NEC 

GEMACS 

RICHM 

CHAOS 

TUC 

RADII 

A1 

A2 

A3 

A4 

A5 

A6 

A7 

AG 

PLANE 

A  X 

B  Y 

c  z 

D 

SURF. 

CYL. 

CONE 

SPHERE 

AUTO 

DEL 

.25  LAM 

.125  lA 

.1  LAM. 

.01  LAM 

.02  LAM 

.025LAM 

.OOILAM 

COLOUR 

LINE 

TEXT 

TAL  NO. 

BLOCK 

LINE  T. 

SOLID 

L-DASH 

DOTTED 

DASH.D 

M  DASH 

DASH. . 

M/UIK  T. 

S.  BOX 

+ 

* 

REC.B 

X 

DIAM. 

H.IDE 

RES. 

RES. 

RES. 

RES. 

ALL 

TAG 

BLOCK 

POINT 

RO  PH  Z 

R  TU  PH 

D  XYZ 

D  CYL. 

D  SPH. 

BOUND . 
LINE 

NEU 

START 

PAR.  L. 

PAR  PL. 

PER.  L. 

PER.  PL 

INTR. 

ANGLE  L 

ARC 

CENTRE 

FIRST  P 

SECOND 

RECT. 

PICK 

PROMPT 

CORNERl 

GORNER2 

PATCH 

REC. 

TRIANG . 

AREA, NO 

DIVIDE 

PICK 

PROMPT 

M  REC. 

M  TRl. 

H  SQU. 

CONNECT 

TAG  NO. 

RADIUS 

LINE  B. 

LINE  TO 

P1-P2 

C-HP 

PROMPT 

PICK 

ERASE 

POINT 

LINE 

TAG  NO. 

RADIUS 

CHANCE 

RADIUS 

TAG  NO. 

L  COLOU 

T  COLOU 

LINE  T 

MARK  T 

PROMPT 

PICK 

ROTATE 

TAG  NO. 

BLOCK 

X 

Y 

z 

XYZ 

CYL.  K 

MOVE 

TAG  NO. 

BIXJCK 

X 

Y 

Z 

XYZ 

LEAVE 

MIRROR 

PLANE 

CYL.  R 
RES. 

RES. 

.\NCLE 

Tablo  .1  The  uonu  acruccurc  ui»ed  by  the  WGM  program. 
(Conclnued  overleaf) 
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Menu 

name 

Fuaccion  Keys 

FI 

F2 

F3 

F4 

F5 

F6 

F7 

F8 

VIEW 

ZOOM 

FIT 

WIRES 

POINTS 

TAG 

RADIUS 

2D 

THETA 

X-0 

PHI 

Y-0 

DEFAULT 

Z-0 

TH,PH 

X-0 

Y-0 

Z-0 

PLANE 

SURF. 

RES. 

RES. 

RES. 

LAYER  1 
LAYER  1 
LAYER  1 
LAYER  1 
LAYER  1 

LA.YER  2 
IW^YER  2 
LAYER  2 
LAYER  2 
LAYER  2 

LAYER  3. 
LAYEP.  3' 
LAYER  3 
LAYER  3 
LAYER  3 

LAYER  4 
LAYER  4 
LAYER  4 
LAYER  4 
LAYER  4 

LAYER  5 
LAYER  5 
LAYER  5 
LAYER  5 
LAYER  5 

LAYER  6 
LAYER  6 
LAYER  6 
LAYER  6 
LAYER  6 

LAYER  7 
LAYER  7 
LAYER  7 
LAYER  7 
LAYER  7 

LAYER  8 
LAYER  8 
LAYER  8 
LAYER  8 
LAYER  8 

DEFINE 

RES. 

RES  . 

RES  . 

RES. 

RES. 

RES  . 

RES. 

NAME 

POINT 

SEGMENT 

RES. 

RES. 

RES, 

RES  . 

RES. 

RES. 

NUMBER 

LENGTH 

COORD . 
NUMiBER 

DIRECT. 

_ 

N.b.  F9  and  FIO  call  uj)  che  last  menu  and  the  root  menu  respectively, 
except  In  root  D\cnu  itself,  where  F9  and  FIO  are  used  for  the  PLOT 
and  END  menus,  The  word  'RES.'  indicates  an  option  reserved  for  a 
future  addition. 

Table  I  (Continued) . 
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Abstract 

III  ihi.s  paper,  progress  in  developing  an  interactive  graphics 
program  (GLllM)  fur  the  numerical  elecliuinagnetics  cuinputcr  codes, 
such  as  NECIl)  and  ESI’12|,  at  Ari/.ona  State  University  is  described.  By 
using  the  interactive  graphics  piugraiii.  one  can  nut  unly  save  time  and 
elTiirt  to  cicaic  geometry  data,  but  also  have  better  understanding  of  the 
I.M  piuhicm  undci  iiivc.sligation  by  visuali/.iiig  objects  on  the  screen. 
3o  validate  the  usage  of  the  intciaclivc  graphics  piugram  GEOM,  the 
geometry  of  a  NASA  helicopter  scale  iiiudcl  is  generated  based  on  the 
cross  sectional  inforniaoun.  Radiation  patterns  of  a  inunopolc  mounted 
on  the  sealed  helicopter  model  arc  then  calculated  using  the  NEC  and 
LSI'  f'lde.s.  and  ihcir  results  arc  compared  to  the  measured  data  provided 
hy  NA.SA 

I  I II  t  r  o  (1  u  c  s  i  0  n 


The  inUTtiet'vc  u.sage  between  the  clcctroinagnciics  computer 
projjrani  ami  the  graphics  program  provides  some  advantages  to  the 
eicctroiiiagiietics  researchers.  Wlicn  'it  involves  complex  gcoiaelrics 
sticli  as  a  helietipler,  an  accurate  computer  mod-el  of  the  real  object  is 
essential  ftir  the  valid  prediction  of  tlie  liM  characteristics.  By  using 
the  interactive  graphics  program,  one  can  not  only  save  lime  and 
effort  to  create  accurate  geometry  data,  but  a!so  to  have  better 
understanding  of  the  EM  problem  under  invcsligaiion  by  displaying 
objects  on  the  screen.  In  addition,  the  availability  of  a  graphics 
program  allows  the  user  lo  make  very  easily  changes  or 
modifications  in  the  geometry  of  the  structure  or  position  of  the 
source.  As  part  of  such  an  effort,  the  GEOM13,41  was  developed  to  be 
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used  interactively  between  the  EM  computer  codes,  such  as  the  NEC 
and  ESP,  and  the  Macintosh  Supcr-3D15]  graphics  program.  The 
progress  made  at  the  Telecommunications  Research  Center  of  Arizona 
State  University  can  be  summarized  as  follows: 

(1)  Developed  a  solid  surface  generating  program  based  on 
cross  sectional  data  of  complex  objects. 

(2)  Developed  and  completed  a  P'ortraii  program  (GEOM)  to 
convert  the  geometry  data  from  Supcr-3D  to  the  NEC  and 
ESP  input  format. 

(3)  Developed  a  user-friendly  EM  comroi  command  program  to 
specify  tlic  excitation,  fre(jucncy  of  operation,  pattern  cut, 
impedance  loading,  segment  size,  wire  radius,  etc.. 

Tlie  detailed  capability  of  the  interactive  program  ClliOM  is  illustrated 
in  f  igure  1. 

In  the  following  sections,  an  entire  NASA  helicopter  scale 
tnodcl  is  generated  based  on  cross  sectional  geometry  information. 
Representative  radiation  patterns  of  a  monoi'ide  itiouiUed  on  the 
helicopter  .scale  model  are  then  calculated  by  the  NEC  atid  ESP  codes 
which  are  inleraeiively  used  with  ilie  GEOM.  I'inally,  tiumcrieal 
piedictions  are  compared  to  measured  data  obtained  at  NASA. 

I  I  Input  Data  (icncratioti  for  the  NEC  and  ESP  Codes  Using 

the  (iEOM 

ITie  input  data  for  the  NEC  atid  ESP  can  be  created  very  easily 
by  using  the  GEOM.  To  generate  the  complete  input  dat;t  for  the  NEC 
and  ESP  codes,  isvo  sets  of  input  data  arc  necessary.  Tliey  arc  the 
geometry  data  and  the  EM  control  contmand  data.  first,  the 
geometry  input  data  for  a  sealed  helicopter  model  is  constructed 
using  the  solid  surface  generating  program,  as  illustrated  in  figure  1. 
Tlic  input  geometry  data  required  to  construct  the  scaled  helicopter 
model  arc  13  cross  sections  for  the  main  body,  two  wings,  two  tail 
wings,  the  tail  cross  section,  rotor  blades  simulated  by  two  wires,  and 
a  nionopolc  of  lengili  0.  Im.  Ontc  these  cross  .sectional  geometry  data 
arc  input  into  the  solid  surface  generating  program  (sec  figure  1), 
the  gcoinelry  data  for  the  solid  urfacc  .scale  model  of  a  NASA 
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lielicoplcr  is  gciicriiicd,  as  shown  in  I'igurc  2.  Second,  EM  control 
data  (labeled  as  'user  input'  in  I'igure  1),  wliich  consist  of  the 
excitation  type,  frequency  of  operation,  pattern  typo,  pattern  cut, 
impedance  loading,  segment  size,  wire  radii  of  the  segment,  and  so 
on,  need  to  be  specified  by  the  user. 

1’iie  solid  surface  geometry  data  along  with  the  EM  control  data 
can  now  be  used  as  an  input  of  tlic  GEOM  main  program  to  generate 
the  input  data  for  cither  the  ESI’  surface  patch  modci  (Figure  2)  or 
the  NEC  wire-grid  model  {Figure  3).  Note  that  the  wire-grid  model 
for  the  NEC  code  is  generated  automatically  in  the  GEOM  maiti 
program.  F’or  tlie  NASA  helicopter  scale  mede!  shown  in  Figures  2 
and  3,  the  ESI’  surface  patch  model  contains  107  surface  patches  and 
three  wires,  and  tlic  NEC  wire-grid  model  consists  of  the  total  of  853 
wires  using  the  segment  size  of  O.O.SX. 

Ill  Kadiatioii  I’atteriis  of  a  Mouopolu  Mounted  on  the 

NASA  Helicopter  Scale  Model 

The  radiation  patterns  of  a  O.lm  monoitole  mounted  tm  the 
NASA  helicopter  scale  model  are  calculated  using  the  NEC  and  the 
ESI’  codes.  Tile  overall  dimensions  of  the  scaled  iielicopier  model  are 
illuslrutcd  in  Figure  2.  In  both  NEC  and  liSl*  codes,  0.05X  segmcitl 
length  is  used.  After  the  segmentation,  the  NEC  wire-grid  model  has 
853  wire  emrent  modes,  and  the  ESI’  codes  has  1,()()2  jilate  current 
modes  and  22  wire  current  modes. 

In  Figures  4-'  the  radiation  patterns  (normalized  gain  in  dB)  of 
a  O.lm  monoiiolc  anienna  placed  at  t!ie  MPl  location  (3G.5  inches  aft 
of  nose)  of  tlie  helicopter  body  arc  jnesented  as  a  function  of  aspect 
angles.  Both  the  NEC  (dashed  line)  and  the  ESI’  codes  (solid  line)  are 
used  interactively  with  the  GEOM,  and  their  results  are  compared  to 
measured  data  provided  by  NASA  (dotted  curve)  in  the  three  major 
pattern  planes;  i.e.,  roll,  [titch,  and  yaw  planes.  For  each  pullcrn 
plane,  only  tlic  co-jiularized  patterns  are  plotted.  Note  that  each  data 
set  is  normalized  to  its  own  maximum. 

There  exists  reasonably  good  agreement  between  the 
caicuiated  and  measured  data.  However,  in  the  roll  and  pitch  planes 
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the  agreement  between  the  measured  data  ar  d  the  NEC  calculated 
data  is  better  than  that  between  measurements  and  predictions  by 
the  ESP  code.  One  can  also  notice  that  the  symmetry  property  of  the 
radiation  patterns  of  the  ESP  code  in  the  roll  plane  has  deteriorated. 
This  is  believed  to  be  due  to  the  non-symmetric  positioning  of  the 
overlap  current  modes  on  the  two  joining  patchcs[6].  Also,  numerical 
efficiency  of  the  NEC  is  superior  to  that  of  the  ESP.  In  general,  this 
statement  is  true  whenever  a  surface  patch  model  of  the  ESP  code 
requires  many  overlap  current  modes.  To  obtain  the  entire  patterns 
using  the  NEC  code,  it  takes  1,278  CPU  seconds  on  a  CRAY  X-MP/18sc 
super  computer.  On  the  other  hand,  the  ESP  code  requires  13,000 
CPU  seconds  on  the  same  machijic. 

IV  Conclusions 

Tlic  interactive  graphics  program  GEOM  developed  at  the 
Telecommunications  Research  Center  of  Arizona  State  University  was 
used  to  generate  the  geometry  of  a  NASA  helicopter  scale  model.  By 
using  the  GEOM,  we  not  only  saved  time  and  effort  to  generate  the 
complex  geometry  data  but  also  avoided  the  error  prone  direct  input 
process.  In  order  to  validate  the  interactive  graphics  program  GEOM, 
radiation  patterns  arc  calculated  using  the  NEC  and  ESP  codes  which 
were  used  interactively  with  the  GEOM.  Despite  of  the  complexity  of 
a  NASA  helicopter  geometry  under  investigation,  the  numerical 
predictions  and  measurements  are  in  excellent  agreement. 

Presently,  only  a  limited  number  of  geometry  and  EM  control 
commands  are  incorporated  into  the  GEOM.  More  general  control 
commands  will  be  included  in  the  code  in  the  near  future. 
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Figures 


I'igure  1  Uluck  iJiagrain  for  ilic  interactive  usage  of  GliOM  and  llie 
liM  codes, 
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c  2  Solid  sutfat'o  model  of  the  NASA  helicopter  based  on  the 
eioss  scciioiial  diita. 


re  3  NliC  wire-grid  model  of  the  NASA  lieliooiHer  generated  by 
the  GliOM. 
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The  primaiy  objectives  of  the  GBMCOP  program  are: 

-  Develop  a  user  i'lieiidly,  menu  driven  control  program  for  GHMACS/GAUGE 

-  Minimize  the  requiremetius  for  user's  knoudedge  of  GUMACS/GAUGE 

-  Provide  pre/i>ost  processing  support  for  GEMACS/GAUGE 

-  Support  .script  file  development  for  execution  of  user  appiicalions 

-  Simplify  user  development  of  complex  to|Kilugies 

I'lie  otiginiil  development  of  GEMCOP  was  intended  for  the  PC/DOS  enviroiinieni.  Due  to  increasing 
demands  placed  on  computer  inemoij  by  |)iograms  tucli  as  GEMAC'S  and  GAUGE,  as  well  as  the  grapliical 
nature  of  the  GEMCOP  program,  the  developmcill  has  been  shifted  froiii  DOS  to  OS/2.  Since  OS/2  operates 
with  a  linear  address  space,  atde  and  problems  requiring  more  than  the  old  DOS  640  KB  limit  can  he 
supported,  However,  this  migration  to  the  OS/2  enviionment  place  new  requirements  on  the  liardwarc 
necessary  to  run  GEMCOP.  Aji  80286,  80.18(i,  80486  pruces.sor  Is  required,  or  a  wortsttuion  capalde  ol 
supporting  OS/2.  I'he  umipulcr  must  have  at  least  2.5  MU  of  RAM  with  4  MU  recommended.  In  addition, 
the  computer  will  need  a  hard  disk  of  from  40  to  60  MU  with  IIKI  MU  or  more  recommended. 

7'lie  development  of  GEMCOP  is  continuing  on  schedule  after  the  decision  to  make  il  an  OS/2  application. 
Tile  jHogram  Is  due  for  completiun  and  clicckoul  hy  May,  I'/il  and  should  be  released  somulime  aiouiid  mid¬ 
summer.  Sample  OS/2  Prcseiilation  M.oiager  screens  fur  the  program  are  illustrated  in  1 'igui cs  I  and  2.  I'lie 
liist  figure  Is  the  main  GEMCOP  menu,  tlie  second  is  tlieGEMACS  inpul  data  tile  dcveUipmeiil  screen.  Mute 
hilormutloii  ou  the  lyims  of  GEMCOP  menus  and  their  eoiiteni  can  he  found  in  tlie  pievious  paper  on 
GEMCOP  presented  at  the  6'*  ACES  conference  (Dcvelupiiieul  uf  UKMCtlP,  an  Expert  System  fur  (1 ICM  AC'S 
uiid  GAUGE). 
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1‘igufc  1.  GEMCOP  Main  Menu 


Figure  2.  OEMACS  Inpui  Hlc  OcvLlopmcni  Screen 


20 


IMPLEMENTATION  OF  THE  NEC  -  BASIC 
SCATTERING  CODE  ON  A  PC 


Ronald  J.  Marhefka 
The  Ohio  State  University 
lilectroScience  Laboratory 
1320  Kiniicar  Road 
Columbus,  Ohio  43212-1191 
Phone;  (614)292-5752 


Abstract 

IL  ii  dL'iirabk  tu  have  general  purpuie  uier  urieiiLcti  codes  run  on  ns  many 
niarlilucs  and  cunrpilers  as  possible.  Users  prefer  tu  rbangc  us  little  us  possible 
in  the  codes  t<i  get  llieiii  tu  run  on  their  cuiupnters.  This  is  especially  desirable 
fur  large  codes  like  the  NUC-USO.  Changes  made  to  the  NEC-USC  tu  make  It 
mure  easily  iinpleineiited  un  I’C  type  cumputers  will  be  presented.  1'he  talk  will 
center  iiriinarily  on  IBM  cuiiipatible  cumputers  and  severtd  cuinpilers,  though 
other  types  and  sites  uf  inacliiiies  will  be  discussed.  Uenchniurks  fur  the  ct;de 
un  large  and  sninli  cuinpnters  will  be  cuiiipnrcd. 

Recent  technical  enhnncenients  to  the  code  wilt  ulsu  be  outlined.  They 
include  third  order  plate  Interactions  and  double  dill'raction  along  with  a  di¬ 
electric  curved  surface  capability  (witliuut  surface  waves).  These  chiuiges  will 
be  available  in  version  3.2  uf  the  NEC-BSC. 


1  Introduction 

A  new  vereiuii  uf  the  NUC-USC  hoe  been  elightly  iiiudilicd  tu  take  into  cuiisidcruliun 
iiiipleiiientatiun  uii  pcreuiiai  coiiipulcre  (I’C).  Modern  I’C  hardware  and  suftware 
hue  progressed  in  rccenl  years  tu  tlie  point  that  they  can  easy  be  used  for  running 
electruinognetic  codes.  It  is  therefore,  the  prciiuHe  of  this  diseussion  that  the  full 
version  of  the  NEC-DSC  is  to  be  iiuplcmcnted  on  the  PC.  No  special  version  for  the 
PC  is  uttciiipted.  The  code  is  I'Wtiaii  77  and  only  modifications  to  make  it  cosier 
to  run  un  the  PC  without  causing  diiliculties  on  bigger  iiiudunes  are  made. 

b'irst  a  brief  overview  of  the  capabilities  of  the  code  is  presented.  Spccilic  changes 
that  took  place  for  PC  operutiun  is  detailed  next.  The  liurdwarc  and  suftware  used 
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in  thr  benchmarks  are  then  presented.  The  henchmar’fs  Tirst  compare  various  VAX 
compiler  options,  then  two  IBM  types  and  three  VAX  machines  are  compared. 


II  Background 

The  Numerical  Electromagnetic  Code  -  Basic  Scattering  Code  (NEC-BSO)  is  a 
user-oriented  computer  code  for  the  electromagnetic  analysis  of  the  radiation  from 
antennas  in  the  presence  of  complex  structures  at  high  frequency.  For  many  prac¬ 
tical  sized  structures  this  corresponds  to  UHP  and  above.  The  code  can  he  used  to 
predict  near'  or  far  zone  pallcrns  of  antennas  in  the  presence  of  scattering  atruclures, 
to  provide  the  EMC  or  coupling  between  antennas  in  a  complex  environment,  and 
to  detcrnunc  potential  radiation  hazards.  Simulation  of  the  scattering  structures  is 
accomplished  by  using  cumhinaiions  of  perfectly  conducting  multiple  (lat  plates,  fi¬ 
nite  elliptic  cylinders,  composite  cone  frustums,  and  fitiile  composite  cUipsoids.  The 
code,  also,  has  a  limited  finite  thin  dielectric  capability  for  both  plates  and  curved 
surfaces.  The  analysis  is  based  on  \inifurm  asymptotic  techniques  formulated  in 
terms  of  the  Unlfocm  Geometrical  Theory  of  DiffracUou  (UTD)  [1,2).  This  version 
of  the  NEC-BSC  is  an  update  to  version  2  [3]  and  the  more  recent  version  3.1  (4). 

A  sutniiiury  of  tlic  capabilities  of  Version  3.2  [5]  is  listed  here: 

•  User  oriented  command  word  based  input  structure. 

•  i’uttcrn  calculations. 

-  Near  zone  source  fixed  or  moving. 

-  Fur  zone  observer. 

-  Near  zone  observer. 

•  Single  or  multiple  frequencies. 

a  Antenna  to  aulenna  spaciat  coupling  calculations. 

-  Near  zone  receiver  fixed  or  moving. 

s  Efiicient  representation  of  antennas. 

-  Infimtesimal  Green's  function  representation. 

-  Six  built  in  antenna  types. 

-  Interpolation  of  table  look  up  data. 

-  Method  of  Moments  code  or  lleflector  Code  Interface. 
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•  Multiple  sided  flat  plates. 

-  Separated  or  joined. 

-  Infinite  ground  plane. 

-  Limited  dielectric  plate,  capability  (no  surface  waves). 

•  Multiple  curved  surfaces. 

-  Finite  elliptic  cylinders. 

—  Multiple  sectioned  elliptic  cone  frustums. 

-  Composite  ellipsoids. 

-  Limited  dielectric  curved  surface  capability  (no  surface  waves), 
t  UTD  multiple  interactions  included. 

-  Second  order  plate  terms  including  double  diffraction,  (restricted  to 

PEC). 

-  Tliird  order  plate  terms: 

*  triple  reflections 

•  reflection  -  rcflecfion  •  diffraction 

♦  reflection  -  diffraction  -  reflection 

•  diffraction  -  reflection  -  reflection 

-  First  order  curved  surface  terms  only  (creeping  waves  for  PEC  cylinder 
only). 

-  Presently  no  plate  -  cylinder  interactions. 

•  Individual  control  of  every  U'l'D  term. 

•  GKS  graphical  codes  for  geonietiy  and  patterns. 


Ill  Changes  made  for  PC 

The  premise  as  mentioned  above  is  that  PCs  have  gotten  large  enough  to  handle 
essentially  tlie  same  code  as  bigger  machines.  The  changes  needed  arc,  tlierefure, 
rather  tninimal.  Tire  major  task  has  been  to  reduce  the  size  of  the  larger  subroutines. 
Many  PC  compilers  such  as  Microsoft  and  NDP  have  a  limit  on  the  number  of  lines 
that  can  be  compiled  at  one  time.  This  limit  is  proportional  to  the  amount  of 
memory  in  the  computer.  The  PCs  used  have  4MB  of  memory.  The  practical  size 
for  compilation  of  each  file  seems  to  be  around  3000  lines.  Several  subroutini's,  that 
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wrre  originally  designrd  to  dirertly  sliare  inforinatinn  by  uniiig  entry  points,  neeclcd 
to  be  rhanged  into  Individual  subroutine*.  This  r'-'iiiired  using  more  common  blocks 
to  transport  Ibe  shared  inrormatioii. 

Next,  the  rode  needs  to  be  broken  up  into  many  dilTercnt  files.  Usually  when 
tending  the  code  out,  v;e  put  all  our  codes  into  one  file.  I'his  makes  documentation 
easier,  since  all  that  needs  to  be  done  to  the  codes  is  Fortran,  Link,  and  Run  a 
tingle  file.  When  breaking  the  code  up  into  tiles,  it  is  necessary  to  decide  whether 
to  do  this  simply  alphabetically  or  group  Tiles  by  (unctions.  Putting  subroutines 
together  by  functions  seems  better,  at  least  for  the  code  developer,  since  changes  to 
the  code  usually  will  be  confined  to  fewer  fifes.  For  the  NEC'-BSC  this  turns  out, 
presentfy  to  be  16  different  fifes  of  various  sizes. 

Fortran  specific  changes  seemed  to  have  been  unnecessary,  since  the  code  has 
been  written  in  standard  Fortran  77  os  much  as  can  be  deterinined.  Of  course  there 
are  always  variations  between  compilers,  but  the  PC  compilers  used  seemed  to  be 
stiiving  for  as  much  compatifiility  with  the  standard  options  of  the  VAXes  on  which 
the  code  was  devefnped.  One  extended  feature  of  the  VAX  that  is  used  is  tabs  in 
the  beginning  of  lines  Tljese  can  easily  he  removed  and  usually  are  depending  on 
disl.'^ibutio.r  lurinat.  'The  new  version  2.0  NOP  compiler  seems  to  be  lUU  percent 
compatible  witli  this  feature,  •..•here  as  the  previous  version  would  not  work  in  ail 
cases 

The  other  cliaiige  made  centered  around  associaling  the  logical  unit  numbers 
with  the  input  and  output  files.  In  previous  versions  of  the  NEC-BSC,  the  assign¬ 
ments  are  left  up  to  the  user.  For  example,  on  a  VAX  the  ASSIGN  or  DEFINE 
commands  could  be  used,  lii  the  new  version,  OPEN  statements  are  used  in  the 
code.  The  inpul  file  name  is  ofitained  after  the  start  of  the  code. 

On  output  (or  the  PC,  it  is  assumed  that  the  operating  system  does  not  support 
version  mimbeis  for  files.  If  the  user  is  requesting  more  than  one  output,  than  the 
code  will  inquire  for  a  new  name  for  an  output  file  when  one  already  exists  on  the 
disk.  This  can  be  changed  by  the  user  if  a  dilTercnt  naming  convention  is  desired. 


IV  Hardware  Considerations 

The  suitability  of  PCs  for  many  engineering  applications  has  gi.  ally  progressed.  It 
is  nut  necessary  to  restrict  the  code  to  accomodate  the  hardware  limitations.  It  is 
assumed  for  an  IBM  compalilile  that  a  386  type  machine  or  better  will  be  give  best 
results 

The  primary  machine  used  in  this  sli-dy  is  a  386SX,  IGMIlsi,  4MB  IBM  type 
computer  with  80387SX  math  co-processor  and  6HMB  hard  disk.  In  addition,  a 
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full  386,  20MHz,  4MB  IBM  compatible  with  80387  ro-prncesiior  i«  also  used  in  the 
benchmarks.  The  VAX  computers  used  for  comparisons  are  a  VAXstation  2000, 
VAXstation  3100  M30,  and  a  VAX  8550.  The  workstations  had  SMB  of  memory 
and  are  diskless  being  clustered  into  the  VAX  8550.  The  working  set  size  for  the 
VAXes  are  set  at  1000. 

The  size  requirements  of  the  NEC-BSC  version  3.2  on  the  disk  are  668KB  for 
the  Fortran  source  code.  I'he  NDP  compiled  object  modules  took  9S4KB  of  space 
and  the  execute  module  took  673KB.  The  memory  requirements  for  running  the 
code  are  983KB. 


V  Software  Considerations 

Several  PC  compilers  for  IBM's  have  been  investigated.  It  is  assumed  that  DOS 
4.0  is  the  operating  system  for  the  PCs.  The  Microsoft  compiler  appears  to  be  very 
good,  however,  it  presently  does  not  allow  the  code  to  go  beyond  the  640KB  range. 
In  order  to  accomodate  the  size  of  the  NEC-BSC  V3.2,  it  would  be  necessary  to 
use  the  US2  operatiirg  system.  It  would  also  have  been  possible  to  reduce  the  size 
of  the  code  by  removing  subroutines  or  reducing  the  array  sizes,  however,  this  was 
not  done. 

The  Lahey  Fortran  77  Version  2.0  compiler  with  A1  extended  memory  operating 
environment  was  tried.  This  was  successfully  used  on  Version  3.1  by  someone  using 
DOS  3.  It  has  the  advantage  that  the  compiler  is  very  fast  and  does  not  require 
that  the  code  be  broken  up  into  small  dies  sizes.  Unfortunately,  the  version  of 
Lahey  tried  would  not  work  on  the  maebines  used  here.  I'he  extender  would  hang 
up  all  the  mactiines  tried  by  us.  As  near  as  can  be  determined,  this  is  due  to  a 
incompatibility  with  DOS  4.0.  New  versions  of  DOS  or  the  Lahey  product  may 
remove  llus  problem. 

The  compiler  used  for  the  benchmarks  here  is  the  NDP  compiler  and  I’ll  A  R 
LAP  386  ASM  2.2  linker  and  extender.  Two  versions  of  the  NDP  Fortran  compiler 
has  been  tried.  First,  Version  1.4E/5  was  used  and  then  updated  to  Version  2.0.8. 
There  was  no  dirference  in  time  or  accuracy  detected  between  the  two  versions.  I'hc 
newer  version,  iiowever,  is  much  easier  to  use  since  it  is  more  compatible  with  the 
VAX's  use  of  labs.  Version  2  is  used  here  in  the  benchmark..  It  should  be  noted 
that  it  takes  exactly  1  hour  to  compile  the  code  on  the  386SX.  Presumably  most  of 
that  time  is  spent  in  the  assembler  stage. 

One  problem  arose  when  Windows  3.0  was  installed  on  the  386SX  macliine.  The 
new  windows  environment  requires  that  the  iilMEM  driver  be  installed.  There 
presently  is  a  conflict  between  the  memory  handlers  in  NDP  and  Windows,  it  is 
necese.'sry  to  reboot  the  raaclsine  ■.vithout  the  HIMEM  driver  to  use  the  compiler  and 
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linker.  This  problem  is  being  addressed  by  NDP  and  hopebilly  will  be  improved  in 
the  futme. 

Various  individuals  arc  working  on  iniplenienting  versions  of  the  NBC-BSC  on 
MACs.  Unfortunately,  no  data  is  available  here.  It  haii  been  determined  that  some 
versions  of  compilers  fur  MACs  (Absoft  Macl‘brtrBn/020)  do  not  initialise  variables 
to  zero.  The  NtCC-USC  has  been  checked  using  a  product  called  LINT  to  find 
undefined  variables,  however,  it  did  not  detect  one  in  the  subroutine  SOURCP.  The 
variable  was  defined  at  some  place  in  the  subroutine,  but  the  IF  THEN  ELSE  logic 
would  bypass  it  in  certain  coses  |6].  This  caused  rather  large  errors,  however,  it  has 
been  corrected  in  this  version. 

For  the  VAX  computers,  various  compiler  options  are  compared.  They  presently 
are  running  VMS  5.4  with  UECwindows  installed  on  the  workstations.  The  first 
compiler  configuration  is  suited  for  the  code  developer.  It  has  the  debug  option, 
no  optimization,  bounds  checks,  and  all  warnings  options  included.  The  second 
and  third  configuration  compares  the  optimizer  versus  no  uptlinrzer.  All  other 
checks  and  warnings  are  turned  otT.  In  certain  jiasi  instances,  the  VAX  optimizer 
appeared  to  give  some  trouble.  No  difficulties  are  presently  being  encountered.  For 
comparison,  it  should  be  noted  that  it  lakes  around  4-5  minutes  to  compile  the 
code  on  the  VAXstution  31(10. 


VI  Benchmarks 

Two  examples  from  the  NEC-HbC  User’s  Manuals  are  used  in  the  benchmarking 
|)rucedurc.  The  first  is  Example  G  which  calculates  the  pattern  of  a  dipole  in  the 
presence  of  an  eight  sided  box.  The  second  is  Example  lU  whicli  calculates  the 
pattern  of  a  slut  on  the  wing  of  a  model  of  a  U737  aircraft.  In  both  of  these  cose,  a 
far  zone  pattern  of  301  data  points  in  1  degree  increments  is  computed.  The  UTD 
terms  autuiiiutic.ully  ohtulnud  from  the  XCj  coinmaud  arc  used. 

The  CPU  times  are  olitaiiicd  by  using  the  "SEU-lOO"  function  for  tlie  NUP 
compiler  and  "SYSIOETJPl”  function  for  the  VAX.  The  limes  arc  converted  and 
inesenled  in  minutes.  The  CPU  times  are  the  dillcrciicc  between  the  sainples  taken 
after  the  input  data  is  read  and  echoed  back  to  the  user  and  before  tlie  iickis  arc 
output  to  tlie  disk.  The  vsilucs,  therefore,  represent  only  the  lime  it  lakes  to  do  tlie 
EM  field  calctdulioiis  and  docs  not  included  any  lO. 

In  terms  of  accuracy,  all  VAXes  produce  exactly  the  suiuc  rcsnlls.  The  PC’s 
produced  llic  suiiie  accuracy  compared  to  the  VAX  over  the  five  digits  displayed  for 
all  significant  results.  The  exception  being  the  noise  level  cross  polarized  results  in 
Example  0,  which  is  tiunmil  and  expected. 
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Tnhlc!  1:  Tublu  ciiMi|mriiig  vuriuuB  compiler  options  usixrg  a  VAXstatiuii  3100  M30. 
Ci’U  times  arc  in  minutes. 


(lompnter 

tixninple  0 

Kxample  15 

TcTasG^r 

3.2G 

3.14 

VAX  2U00 

5.10 

3.01 

PC  386 

2.20 

2.0U 

VAX  3100 

0.04 

0.80 

VAX  8550 

0.40 

0.38 

Table  2:  Table  compnriiiR  various  eompiilers.  T'lic  VAXes  arc  run  using  tlie  opti 
luizei  with  no  checks.  CJl’U  limes  are  in  minutes. 


'I  hc  first  benchmarks  for  the  two  exaiuples  are  ruii  lining  the  VAXstntion  3100. 
'I'hree  com|>iler  options  are  used.  Kirsl  all  checks,  debug,  anrl  no  i>plimi/,ulion  is 
used,  fjecoad  all  cliucks  and  the  debug  options  arc  lunieil  oif  with  no  oplimizalioiis. 
Ill  liic  last  case,  all  clieeks  and  debug  options  arc  off  but  the  oplimiser  is  on.  The 
results  for  the  three  cases  are  shown  in  Table  1.  Amazingly  the  CT'IJ  times  with 
the  checks  on  dilfcr  by  over  a  facloi  of  2.  The  opliiiiizei  helps  by  about  another 
2.1%.  Of  coni'se  when  first  running  llic  code,  it  is  safer  to  use  the  bounds  checks. 
Tor  production  runs,  it  would  appear  clear  that  these  slionht  lie  liirneil  off  anil  the 
optimizer  used. 

I'or  cotnpurison  between  Ihe  various  computers,  the  optimized  ease  with  the 
hniliuls  checks  off  is  used  in  all  cases.  The  results  are  shown  in  Table  2.  Tlir  VAX 
21)00  is  slightly  slower  than  u  VAX  ’ISO,  this  iiicaiis  that  the  38(iSX  is  rumiiiig  very 
close  to  the  speed  of  a  VAX  780.  The  3H(iSX  machine  has  a  21%  slower  ef  ick  speed 
than  the  3liU  and  has  addition  overhead  due  to  the  iti  hit  hits  compared  in  the  32 
hit  liuu.  This  properly  accouiiK  lor  the  indicated  time  diireiences.  The  VAX’s  times 
also  are  uecounled  fur  by  the  pnblisiierl  dilferenee  in  fll’U  speeds  within  reasonable 
bounds. 
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VII 


Conclusions 


Tlic  oxpencMCi!  of  Iniplr.iutMilliig  ihr  NEC  USC  V3.2  on  !’('  in  prcseiilej.  Various 
liurdwarc  and  software  eoangu.'atiuns  arc  discussed.  Ueucliiiiurks  [or  two  examples 
from  the  user’s  niuuual  ore  used  to  cumpnre  llic  I’Cls  to  VAXes.  It  appears  that 
PCs  can  be  cffectivciy  used  to  run  tlie  full  up  Nl'XJ-HSC. 
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NEC,  FEUM  &  GEMACS  on  the  Macintosh 
by 

t’aul  E  Bussey  £c  Dr.  Russell  W.  Taylor 
Introduction,  Motivation  and  Objective 

Our  objective  is  to  simplify  the  development  of  reliable  EM  models  for  the  three 
analysis  codes,  NEC,  h'ERM,  and  GEMACS  by  creating  a  interactive  program  to 
analyze  these  models,  Our  experience  with  other  data  analysis /visualization  codes 
desigited  to  support  these  thren:  codes  has  been  less  than  completely  successful. 
McDonnell  l,)ougUs  llelicopler  Company  has  had  problems  with  IGUANA  and 
GUAGE.  The  data  analysis /visualization  code  which  supports  FElfM  was  not  avail¬ 
able, 


Other  similar  codes  do  not  have  the  same  same  objective  as  ours.  They  present 
the  geometric  representation,  but  do  nut  ea.>iily  alert  the  user  of  tlie  potential  problems 
witl\  the  model.  We  have  endeavored  to  include  features  that  will  make  debugging 
easier.  Our  verification  code  indicates  situations  which  cni\  result  in  incorrect  inter¬ 
action  matrix  elements,  or  cause  misleading  results. 

The  Macintosh  CFUs  were  chosen  because  we  have  developed  codes  on  them 
fur  other  purposes,  an  e>;cellc'nt  development  environment  is  available,  and  the 
graphical  user  inlerface  is  easier  for  new  users  to  learn,  live  alternative  platforms  for 
most  of  our  projects  are  MlcroVAX  11s.  Hie  newer  Macs  are  much  less  expensive 
( esiH^cially  for  large  amounts  of  memory ),  us  well  us  faster  than  tire  MicroVAXs,  and 
they  provide  greater  precision  fur  floating  point  calculalions  because  they  use  the 
IEEE  standard  tiU  bits  for  real  and  complex  calculations. 

Code  Installation  on  the  Macintosh 

Installatiun  of  the  three  analysis  codes  on  the  Macintosh  is  planned,  but  this 
task  is  not  yet  aamplete.  NEC  instanc'd  very  easily  with  essentially  no  modifications, 
but  GEMACS  and  I'EKM  both  contain  code  that  does  correctly  execute  on  the  Mac. 
Further  information  will  be  available  at  ibe  conl'erence  regarding  these  installation 
problems.  Our  approach  to  generating  the  input  data  for  our  verification  code  is  to 
first  use  the  input  data  interpretation  part  of  the  airolysis  code  without  modification. 
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Wg  have  slightly  modified  the  analysis  codes  so  that  a  file  is  automatically  written 
containing  the  data  we  need  as  input.  Reproducing  the  data  interpretation  portions  of 
the  analysis  codes  has  not  been  attempted;  wc  believe  this  approach  is  less  prone  to 
errors. 

Benchmarks 

The  benchmark  results  will  be  presented  at  the  Conference. 

"Good  Practice"  Violations  Tests 

Calculating  the  interaction  matrix  requires  several  integrations  to  be  performed 
involving  the  Green's  function  ( liquations  Sit  &  92  of  NhC  manuid,  Vol.  1 ).  Since  tltere 
is  no  closed-form  sululiun  fur  these  integrations,  several  series  expansions  are  used 
( the  number  of  terms  is  determined  by  the  tliin  versus  cxtended-tliin  wire  approxima¬ 
tions  ).  Tlfese  integrals  are  expanded  in  terms  of  two  variables,  a  and  p,  where  a  is  tile 
radius  of  Ute  source  segment  and  p  is  tire  radial  distance  to  tiie  observation  segment. 
The  expansion  in  terms  of  p  is  used  only  for  the  self-interaction  temr,  while  tire  expan¬ 
sion  in  a  is  used  fur  all  utlrer  interactions.  Hie  expansion  in  p  was  developed  lot  the 
special  case  when  the  observation  point  falls  inside  the  "cylinder"  of  the  source  seg¬ 
ment,  the  expansion  in  a  is  nut  valid  in  this  cose;  however,  tills  expansion  is  only  used 
to  eomiiute  the  self-interaction  terms.  Unfortunately,  it  is  possible  to  build  models  in 
wliich  observation  points  tall  within  the  volume  of  other  segments.  Then,  during  the 
caleululion  of  Uie  interaction  terms,  the  wrong  expansion  is  used  to  determine  tiie  in- 
teraclion,  thus  producing  erroneous  results.  We  have  decided  to  divide  the  modelling 
errors  of  this  type  into  three  groups  -  adjacent  segments  which  intersect  at  angles 
wliich  are  too  small,  unintentional  intersections  ( not  in  connections  table ),  and  dupli¬ 
cate  segments  ( often  generated  by  computer  griddiiig  routines ). 

Acutes:  Connected  wires  (identified  in  the  connection  list)  were  examined,  the 
midpoint  of  the  wire  with  smallest  radius  is  found,  and  the  distance  to  the  otlier  seg¬ 
ment  is  computed.  If  the  distance  is  less  than  or  equal  to  the  larger  radius,  then  the 
angle  is  toe  acute  and  the  interaction  evaluation  will  be  flawed. 

Bad  intersections:  This  lest  only  involves  wires  not  In  the  connection  lists.  The 
shortest  distance  between  the  two  segments  is  first  calculated  under  test,  if  this 
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dislancu  is  less  than  the  sun\  of  the  two  radii,  then  an  inadvertent  intersection  is  pre¬ 
sent. 


Coincident  sciiincnts:  As  tliis  test  is  conducted  on  each  segment,  the  cottuec- 
tion  list  of  each  end  point  is  searched  for  segments  connected  at  both  eitds  of  another 
segment. 

Incompatible  radii:  i'or  this  lest,  radii  of  connected  segments  are  compared; 
radii  ratios  (  oiurgc/'tsinall )  greater  than  five  are  identified. 

Short,  fat  segments;  1  lore,  tite  length  of  the  segment  is  compared  to  its  radius; 
if  tills  ratio  is  less  tlian  eight  for  tlie  thin  wire  kernel,  or  two  for  tin;  extended-thin  wire 
kernel,  it  is  brought  to  tlie  attention  of  tlic  user. 

Uad  sources:  Segments  are  identified  that  are  both  connected  to  a  plate  and  ex¬ 
cited  by  a  source. 

Other  tests  are-  also  performed  which  are  not  necessarily  problems,  but  can  indicate 
dial  tlie  data  is  not  being  interpreted  as  inlendeil  by  the  user. 

Opens;  Checks  connection  lists  for  both  ends.  If  a  coiuiectlon  list  for  either  end 
is  em]ily,  then  the  segment  Is  added  to  tlte  opens  list. 

Lung  segments:  I  lure,  the  length  of  eaclt  wire  is  calculated  and  compared  to 
X/IU  of  the  highest  frequency.  Any  wires  longer  titan  tliis  will  be  highlighted. 


llov^  Visualizalion/Analysis  Code  Works 

At  this  time,  Ihe  code  MacVerlfy  has  been  developed  to  lest  wire  frame  models 
for  GhMACS  and  NliC.  In  the  future,  it  will  be  expanded  to  test  surface  patch  models, 
and  optics /diffraction  models.  Tlie  code  Is  a  typical  Macintosli  application;  it  is  win¬ 
dow  based,  and  event  driven.  We  have  altemptcd  to  give  the  user  as  much  freedom  as 
possible  without  making  the  interface  Uxj  complicated. 

Aifler  runtiing  the  niodcl  tluougli  ihe  iupUi  lilieipreiaiioa  stage  of  the  desired 
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analysis  code,  the  resulting  test 
file  can  oe  examined  using 
MacVerify. 

After  reading  in  ihc  se¬ 
lected  model,  a  model  display 
window  is  opened,  as  shown 
in  I'iguru  1.  The  information 
and  controls  on  the  led  side  of 
the  window  allow  the  isei  to 
change  the  scale  and  the 
viewing  angle  of  the  model. 

The  scale  is  adjusted  by 
clicking  the  mouse  in  either  of 
the  arrow  buttons;  the  arrow 
coming  out  (  Zoom  In  )  causes  the  scale  to  increase',  while  the  arrow  going  in  (  Zoom 
Out )  causes  the  scale  to  decrease.  The  amount  of  change  can  be  regulated  with  tlic  use 
of  modifier  keys  as  shown  in  Table  1.  The  elevation  and  aidaiuth  controls  work,  in  a 
similar  fashion.  By  jnessing  on  the  desired  side  of  the  "axis",  the  mod  'l  will  route  in 
lliat  direction.  Again,  Table  1  shows  how  i|\-?  atnount  of  change  can  be  regulated  with 
the  use  of  the  modifier  keys.  In  addition  to  the  rotator  controls,  wo  have  provided  po)i- 
up  menus  which  can  be  used  to  ijuickly  set  the  view  to  one  of  the  predefined  angles 
( see  l''igiire  2 ).  In  its  default  condition,  the  model  will  be  redrawn  each  time  one  of  the 
controls  is  activated;  however,  for  larger,  more  involveii  models,  this  activity  can 
be  ipiite  time  consuming.  In  order  toby I’a-ss  this  problem,  we  have  added  a  checkbox 
which  will  disable  the  redrawinv,  ol  tlie  model  so  that  sjK'clfic  scales  or  viewing  angles 


Table  1.  Model  display  viewing  control  options 
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57% 
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can  be  set.  The  model  will  be  redrawn  according  to  the  final  settings  when  the  box  is 
unchecked.  The  model  is  shown  to  the  right  of  the  display  controls.  The  scroll  bars  on 
the  model  display  allow  tl\e  user  to  pan  across  the  model. 


Figure  2. 1’rcset  rotation  ang  Ic 
pop-up  menus 


•tuti  tneiii 


□  Uil|l(feU  KUUl 
CQl»r  Q 


In  order  to  check  the  model  against  the  various  modelling  practices,  the  user 
must  activate  the  diagitustics  window  by  selecting  the  Diagnostics  uilndotu  op¬ 
tion  in  the  Diagnostics  ntenu,  or  by  pressing  the 
key  combination  *6/.  The  diagnostics  window, 
shown  in  Figure  3,  currently  has  selections  for  eiglit 
conunuu  modelling  errors  found  in  wire  models. 

Since  performing  these  tests  can  be  quite  lime 
consuming,  Ute  default  condition  is  set  for  all  of  the 
tests  to  be  off.  Any  combination  of  the  tests  can  be 
selected  by  checking  the  appropriate  boxes;  the  tests 
are  then  performed  when  lire  mouse  is  clicked  in  the 
Rpply  button,  or  when  tire  Return  or  lintcr  keys  arc 
pressed.  Rach  test  has  an  associated  color  which  can 
be  changed  by  double-clicking  the  mouse  inside  the 
colored  box.  Any  wire  segments  which  violate  a 
particular  modelling  rule  will  be  drawn  in  the 
corresponding  color.  If  a  segment  violates  more  than 
one  rule,  it  will  be  drawn  in  the  color  of  the  last  rule 
tested  ( lop  to  bollum  in  the  diagnostics  window ). 
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Figure  3.  Diagnostics 
window 
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If  the  user  wishes  to  change  the 
model  related  colors,  he  may  do  so  via 
the  model  display  dialog  shown  in  Fig¬ 
ure  4.  This  dialog  is  accessible  through 
the  Edit  menu  as  the  Preforences 
selection.  Colors  can  be  selected  for  the 
basic  model,  the  background, 

"connected"  wires,  and  the  buried  wires,  live  colors  are  changed  by  double- 
clicking  with  the  mouse  in  the  desired  color  square.  Tire  standard  color-picker 
dialog  will  appear  and  the  user  is  free  to  choose  any  available  color. 

Tire  nrodel  statistics  window  is  activated 
by  selecting  the  Model  stats  option  in  tire 
Diagnostics  menu,  or  by  pressing  XS.  As 
slrown  in  Figure  5,  this  window  lists  the 
various  statistics  relevant  to  the  model,  and  lire 
results  of  any  tests  performed  on  the  model.  If 
a  certain  lest  Iras  not  yet  been  perfornred,  then 
"???"  appears  as  the  error  count,  and  the  total 
error  count  reflects  only  tliose  tests  wlviclr  Irave 
been  perfornred. 

Detailed  infornratioir  about 
individual  wire  segntenis  is  available 
tlirougli  tire  wire  data  dialog  (Figure  6).  To 
obtain  this  information,  a  wire  segment 

must  first  be  selected;  wires  are  selected  by  clicking  on  them  willr  the  mouse  in 
lire  model  display.  Tire  selected  wire  will  iherr  be  higltlighled,  after  whidi  the 
dialog  displaying  the  wire  data  can  be  otrtahred  by  selecting  Shou*  lOlre 
data  from  the  D lag iiu sties  menu,  or  by  pressing  8<D.  Tire  wire  data 
includes  such  iirformaliun  us  lire  end  points,  radius,  loading,  sources,  length 
( in  nrelers  and  shortest  wavelength ),  etc...  Tire  user  must  click  in  the  OK  box, 
and  press  Kelunr  ( or  linter  )  to  corrtiirue. 
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Figure  S.  Model  stalislicv 
window 
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Figure  4.  Model  display  dialog 
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rigure  6.  VVici;  daU  dialog 

To  sliov/  dll  sogmci^ls  connoctod  to  a  soL'clod  segment,  the  desired  segment  is  se¬ 
lected  as  jireviously  described  and  any  connected  segments  are  highlighted  by  selecting 
Shout  connoctions  trom  the  Diagnostics  menu,  or  by  pressing  9tN.  The  high- 
liglued  connections  are  cleared  by  clicking  elsewliere  in  the  model  display  area,  or  by 
pressing  Rpply  in  the  display  options  dialog. 

In  order  to  iacilitate  model  comparisons,  multiple  models  can  be  read  In  and  dis- 
I'layed.  Dc'i'ending  on  the  available  memory,  up  to  nine  models  cart  be  read  in  at  one 
tiiiKc  As  each  iile  is  read  in,  the  [lie  name  is  added  as  a  new  item  to  the  windows  meitu. 
Tito  disjilay  window  ior  the  last  model  read  in  becomes  the  active  window,  and  the  last 
active  model  window  is  deactivated.  Only  one  model  display  window  can  be  active  at 
a  time.  Other  windows  can  be  activated  by  clicking  the  mouse  in  each  window,  by  se¬ 
lecting  the  liie  name  Irom  llte  LUilldoiUS  menu,  or  by  pro.ssing  the  3t#  key  combination 
VN’ili\  the  number  as  shown  in  the  UJInduuis  menu. 

Several  means  ol  generating  graphical  output  liave  been  incorporated  into 
MaeVerify.  Printing  cait  be  performed  iulcractively  or  files  can  be  generated  with 
1  tPGL  commands,  or  in  the  PICT  formal.  Printing  is  accomplished  using  standard 
Macinlosl)  melliods  and  is  selected  via  the  Print  option  in  the  Files  menu.  ID’GL  files 
are  generated  by  selecting  the  Saue  HPGL  ojilion  in  this  menu.  This  option  creates  a 
text  file  of  I  U’GL  cxarmitands  to  draw  the  cui’i'cnl  model  in  the  current  view.  These  files 
can  be  ported  to  other  systenrs  for  output  to  lU’GL  compatible  devices.  Choosing  the 
Soue  PICT  ojuion  in  the  Files  menu  allows  a  I’lCf  file  of  Die  current  model  display  to 
be  Cl  ealed.  IT.is  format  can  be  read  in  by  many  Macintosh  applications  for  inclusion  to 
repoi'ts  or  other  documents. 
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Future  enhauceuierits 


Iho  code  will  be  enhanced  to  interpret  closed  wire  frames  as  surfaces.  These 
surfaces  will  be  shaded  to  indicate  their  normal  direction  for  easier  interpretation. 
Verification  will  be  expanded  to  include  tests  for: 

•  wires  that  are  too  fine 

•  wires  too  close  together 

•  wires  too  close  to  a  plate  or  ground  plane 

•  plates  too  close  together 

•  plates  wilh  loo  large  an  aspect  ratio 

•  duplicate  plates 

»  plate  surfaces  that  are  not  closed 

A  F'liRM  interface,  capable  of  providing  error  checking,  will  alsi5  be  created. 
Additionally,  capability  for  rendering  GTD  models  will  be  added. 
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The  NSF/IEEF.  Center  for  Computer  Applications  in  Electromagnetics  Education 
(CAEME)  was  established  to  stimulate,  accelerate,  and  lead  efforts  in  utilization  of 
computers  and  software  tools  to  boost  electromagnetics  education.  The  Center  provides 
seed  funds  for  development  of  educational  software,  publishes  books  of  developed  soft¬ 
ware  and  a  catalog  of  available  packages,  sponsors  workshops,  and  organizes  special 
sessions  in  conferences,  and  provides  an  effective  mechanism  for  distribution.  Thus  for, 
the  Center  has  funded  a  wide  variety  of  software  development  projects  in  all  areas  of 
educational  elecuumagnetics,  including  fundamentals  and  visualization  tools,  transmission 
lines,  antennas,  numerical  techniques,  waveguides,  and  other  special  topics  in  EM 
interactions. 

In  this  paper,  the  Center’s  activities  will  be  reviewed  and  examples  of  developed  EM 
educational  software  and  videos  will  be  demonstrated.  Th  nter's  plans  for  becoming 
self-supporting  will  be  revicwed.and  cuiriculum  needs  and  future  funding  opportunities 
will  be  discussed. 


This  project  is  funded  by  the  Division  of  .Science,  Engineering,  and  Mathematics  Education,  National 
Science  Fcmndaiion  Grant  No.  USE-904)14d9.  The  Center  is  managed  by  the  Executive  Office  of  IEEE  on 
bcSwir  of  (he  Anlcn  w  and  Propagation  Society.  OUm  paiticipaiing  societiea  and  pwticipaiing  coinpsiuU 
include  the  IEEE  Microwave  Theory  and  TechniQues  Society,  the  Applied  CompuuticwBl  BM  Society, 
Hewieu  Packard.  Motoroia.  atul  EEaof. 
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Simulation  of  Electromagnetic  Phenomena 
Using  a  Finite  Difference- Time  Domain  Technique 

K.  Li,  M.  A.  Tassoudji,  R.  T.  Shiii,  and  J.  A.  Kong 

Department  of  Electrical  Engineering  and  Computer  Science 
and  Research  Laboratory  of  Electronics 
Massachusetts  Institute  of  Technology’ 

Cambridge,  MA  02139 

Abstract 

A  finite  diffeceucc-iime  domain  (ED-TD)  code  for  Maxwell’s  equations  was  de¬ 
veloped  and  implemented  on  an  IBM  386  personal  computer  and  used  to  simulate 
and  examine  various  electromagnetic  phenuomena.  The  FD-TD  technique  has  po¬ 
tential  to  become  a  very  usehd  tool  for  students  who  are  learning  electromagnetics. 
This  technique  is  especially  useful  in  visualising  electromagnetic  phenomena,  since 
fields  are  calculated  everywhere  within  the  computational  domain  in  time.  The  FD- 
TD  code  was  implemented  lor  two-dimensional  geometries  using  rectangular  grids 
in  conjunction  with  a  second  -order  absorbing  boundary  cunilition.  Both  E  and  H- 
field  polarizations  were  analyzed.  Scatterers  consisting  of  dielectric,  magnetic  and 
conducting  materials  were  modeled  and  plane  wave  and  line  current  sources  were  im¬ 
plemented.  The  code  was  used  to  generate  color  animation  of  various  electromagnetic 
phenomena  on  a  personal  computer:  leading  edge,  trailing  edge,  and  slit  dilfractiou, 
creeping  waves,  and  cavity  mode  excitation.  Through  the  visualization  of  electro¬ 
magnetic  fields,  the  FD-TD  technique  can  be  used  effectively  as  an  educational  tool 
for  students  learning  electromagnetic  wave  theory. 

1  Introduction 

Currently,  tools  which  students  can  use  to  aid  them  in  understanding  and  vioualiziug 
electromagnetic  phenomena  are  difficult  to  find.  In  an  attempt  to  rectify  this  prob¬ 
lem,  we  applied  the  finite  difference-time  domain  (FD-TD)  technique  to  Maxwell’s 
equations  in  order  to  examine  various  electromagnetic  phenomena  [1-6].  This  piu'- 
ticular  method  is  especially  helpful  in  visualiziag  electromagnetic  phenomena,  since 
electric  and  magnetic  fields  are  calculated  everywhere  within  a  computational  domain 
in  time.  Thus,  it  is  possible  to  observe  how  electromagnetic  fields  propagate  through 
space  as  a  function  of  time.  By  allowing  students  to  visualize  various  electromagnetic 
phenomena,  they  can  develop  some  intuition  regarding  electromagnetics. 

The  finite  di£fecence-time  domiuu  technique  was  applied  in  the  following  manner. 
Maxwell’s  equations  in  differential  form  are  approximated  using  centered  differences 
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iu  Kpocc  and  time.  The  lucatioiiu  at  wliich  electric  and  xuaguctic  fieldn  are  calculated 
are  poaitioued  ou  auuic  uurt  of  grid.  Typically,  the  grid  in  cither  a  rcctauguliu'  [Ij 
or  triangular  mesh  [3],  The  scattcrer  is  discretised  ou  the  grid.  To  begin  the  h'D- 
TD  simulatiua,  all  the  fields  within  the  computational  domain  are  initially  set  to 
zero  and  then  the  excitation  is  started.  The  electric  fields  are  calculated  in  terms 
of  the  electric  and  magnetic  fields  of  the  previous  time  step.  Next,  the  magnetic 
fields  are  calculated  in  a  siiuiliu'  maimer.  Uuuudary  conditions  are  enforced  at  the 
outer  boundary  of  the  coiuputatiuual  domain  and  at  all  dielectric  and  conducting 
interfaces.  At  tlie  outer  bouudaiy  a  second-order  absorbing  bo.mdary  condition  is 
utilized  in  order  to  simulate  unbounded  space  beyond  the  computational  domain 
[7].  The  tangential  electric  fields  arc  set  to  zero  at  the  conducting  surfaces,  and  the 
tangential  electric  and  magnetic  fields  arc  kept  continuous  at  the  diclectric/maguetic 
buiiudarics.  These  steps  arc  essentially  repeated  until  steady  state  is  reached  for  a 
siiiusoidul  excilaiion,  or  until  transient  scattered  fields  have  propagated  out  of  the 
computational  domain  fur  a  (jaussiaii  pulse  excitation. 

In  order  to  keep  the  prugriuu  simple,  only  two-dimcnsiuual  problems  were  exam¬ 
ined  using  u  uniform  rectangular  grid.  Despite  the  fact  that  only  two-dimensional 
geometries  are  considered,  valuable  insight  cun  bo  gained  through  the  observation 
of  FD-TD  simulations  of  electromagnetic  phcuuuiena.  Also,  in  order  to  allow  wide 
distribution  of  tliis  ptugi'uui,  the  program  was  written  fur  HIM  33(i  personal  comput¬ 
ers.  Lioth  electric  and  magnetic  field  pulurizuUuus  were  implemented  and  examined. 
Scaltercrs  can  liave  arbitrary  geometries  of  finite  size  which  consist  of  perfect  conduc¬ 
tors,  dielectrics  with  finite  conductivity,  and  magnetic  materials  witli  finite  magnetic 
conductivity.  The  excitation  sources  include  a  sinusoidai  i>luue  wave,  a  Gaussian 
pulse  plane  wave,  and  a  line  current  source.  It  is  possible  to  store  any  field  compo- 
ucut  at  a  point,  a  line,  or  in  the  entire  plane.  When  the  field  values  over  an  entire 
plane  ai'c  stored,  the  fields  can  be  displayed  using  color  plots.  Uy  displaying  the 
fields  for  successive  time  steps  in  rapid  succession,  the  propagation  of  the  fields  can 
be  auiiuuted. 

2  Finite  Difference-Time  Domain  Technique 

2.1  Maxwell’u  Equatienu  on  Rectangular  Grids 

In  implementing  the  finite  difference-time  domain  technique.  Maxwell’s  equations 
must  he  discretized  in  space  and  time.  In  this  case,  Yce’s  lattice,  which  is  a  rect¬ 
angular  grid,  is  utilized  because  of  the  grid’s  simplicity  [1].  Maxwell’s  equations  in 
vector  differential  form  in  a  dielectric  and  magnetic  niuletiuJ  are 

V  X  jtf  -  -  cr,„J{  (1) 
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Vx}/-  =  (2) 

'S  —  /iff  •=  /i,/ioff  (3) 

=  eE  =  t,€aS  (4) 

where  it  and  <Tm  itfc  electric  and  nioguetic  cuuductivitiev,  reapectively. 

For  two'dimcuiiianiJ  ptobleuii,  which  ore  aiaumed  to  be  uoiforiu  and  iutlnite  in  the 
y  direction,  oil  the  partial  derivatives  with  respect  to  y  arc  cq\ial  to  leero.  Maxwell’s 
equations  in  arbitrary  hoiuugeueous,  isotropic  media,  tor  two-dimensional  problems 
in  a  rectangular  coordinate  system,  decouple  into  the  tf-ileld  polaiisatiou, 


an. 

dK 


a*  as  “ 
as  • 


and  the  h'-lield  polarisation  which  bus  dual  equations  [See  Section  2.3|. 

The  following  uotutiou  for  any  function  of  time  and  space  vrill  be  used  in  the  liuJle 
dilforeuce  equations. 

/(iAi!,l!Az,nAl)  =s /**(», h)  (U) 

The  partial  derivatives  in  spore  and  time,  within  Maxwell’s  cquntious,  arc  u]>- 
proxiiuated  using  center  dilTeteuces. 

^  /(H  A4V3)-/(f-A(/2) 

a(  A( 

Thus,  the  electric  and  magnetic  held  components  arc  interlaced  in  time,  and  are 
calculated  in  a  leap  frog  manner  (i.e.  tirst  the  electric  helds  arc  calculated,  then 
the  magnetic  tields  are  calcrdated,  and  repeat).  The  electric  and  magnetic  ticld 
components  arc  interlacod  spatially  a  half  grid  cell  apoi't. 

Only  the  iZ-field  pularizstiou  will  be  treated  explicitly  because  the  A'-hcld  polar¬ 
ization  can  be  treated  very  easily  through  the  use  of  duality. 


2.2  Finite  Dififcreac^  Equatiouu  for  the  ff-Field  Polarization 

2.2.1  Treatment  of  EVee  Space 

For  the  //-held  polarizatiou,  the  hiiitc  diifcruiice  equations  in  free  space,  where  t.  = 
/I,  --  1  and  0-  ■-  £f,„  -r  Q  a.re 
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^,3.3  Treatment  of  Interfaceu  Between  Two  Media 


At  the  interface  between  two  dielectric  and  magnetic  niatcriala,  tbc  Unite  diifcrencc 
equation  fur  i^a  must  be  treated  carefully  [See  b'igure  2|.  Using  the  integral  form  of 
Equation  (2)  to  calculate  E,,  yields 

Cliangiug  Equation  (18)  to  a  ilnitc  diH'ctcucc  equation,  yields 


I  i.U)- W:(H  i.U) 
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2(i,i  H  t,i)  d  (<ri  H  (rj)iioAT 
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2.2.4  Treatment  of  Perfect  Electric  Couductur 

The  boundary  couditiou  at  the  perfect  electric  conductor  states  that  the  taugentiu) 
electric  field  tuuHt  be  aero.  The  interface  between  any  two  media  olaays  occurs  ut 
iutct’.cr  nodes  [i,k)  [See  I'igurc  3|.  Tbc  held  locations  fur  the  i/-lield  pularitatiun  with 
respect  to  tike  integer  nodes  (t,  i:)  ate  sliuwit  in  I'igkU'e  1.  Tbc  cicclric  lields,  calculated 
.it  points  on  the  surface  of  tiie  perfect  electric  conductor,  ure  always  tangential  to  the 
surface.  Thus,  in  the  iluitu  ditfcrcucc-time  duiitaiu  scheme,  the  boundary  couditiou 
at  the  perfect  electric  conductor  can  be  salistied  by  simply  setting  llicse  electric  ilclds 
equ.il  to  scru  at  each  time  step. 


2.2.6  Trcutiueiit  of  Perfect  Mugiiotic  Conductor 

At  u  perfect  magnetic  conductor  the  tungculiol  uruguctic  held  must  be  zero.  This 
boundary  cuikditiou  is  satisiled  when  the  tangential  electric  lield  at  the  surface  of  tlic 
perfect  magnetic  conductor  is  calculated.  One  way  of  ubtoinikig  a  diircrokcc  equation 
for  T>',  is  to  simplify  the  original  prohleuk  [Sec  Eigurc  4]  by  using  image  tlieory  [Sec 
ITgurc  ^|.  Tike  dilfetekkce  cquatiuii  fur  E,  ut  the  ikktcrfacc  betwccir  u  pcifucf  ikkagnctic 
cokkductur  Ukkd  u  dielectric  ukkd  kuugkkctic  luatcriai  is  givekk  by 
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Thu  iiupleiuciilatiuii  uf  perfect  iiiagnulic  contluctocs  ii  of  particulitr  i  'lpurtaucc  iu 
the  it'-licld  polarizatiuu  bccauko  by  duiUity  the  perfect  mirguetic  conductor  bccoiuei 
the  perfect  electric  conductor. 

2.3  Finite  Difference  Equatioiu  for  the  E-Field  Polaruation 

All  the  diil'crcncc  uquatious  needed  fur  the  A'-lield  polariicatiou  cun  be  easily  obtained 
through  the  use  uf  duably.  T'lie  dillcreuce  equations  used  fur  the  /f -field  polarization 
ciui  be  directly  applied  for  tlic  A'-ficld  polarkalioii  with  the  following  substitutions. 
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All  the  other  variables  remain  the  same. 


2.4  Stability  and  Accuracy 

The  choices  uf  Ax,  Az,  and  Ar,  arc  motivated  by  reasons  uf  accuracy  and  stability 
[3,U].  In  general,  to  obtain  accurate  results.  Ax  and  Az  must  be  a  small  fraction 
uf  the  smallest  wavelength  iu  any  media  expected  iu  the  model  or  uf  the  smallest 
diiueusiun  uf  the  scattcrer.  Fur  this  pruhicin,  tlic  sparing  iu  the  x  and  z  directions 
will  be  equal  iu  size. 

Ax  «  Az  —  A  (2U) 

To  eusure  the  stability  uf  this  time  stepping  algurilhm,  Ar  nmst  satisfy  the  following 
condition  [it). 

2.5  Implemontatiou  of  Excitation  SonrcR 

The  two  basic  types  uf  sources,  winch  arc  plane  .vaves  and  current  line  sources,  are 
treated  diifereutly.  When  the  excitation  source  Ic  assumed  to  be  either  a  sinusoidal 
or  Gaussiau  pulse  plane  wave,  the  cumputational  domain  is  neparuted  into  an  inner 
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uud  outer  rcgiou  iu  order  to  facilitate  the  treatuieut  of  tiic  excitatiou  aource.  Witiiiu 
the  iauur  region,  total  iielda  are  calculated,  wlulc  iu  the  outer  region,  only  Hcatturud 
licLdu  are  calculated.  'Ihc  acnttcrcd  fields  ore  defiued  to  be  the  total  fields  minus  the 
iucidcut  plane  wave. 

The  iucldeul  fields  are  subtracted  from  field  quautitics  just  within  the  iuiier  re- 
gioas,  when  they  arc  used  to  calculate  field  quantities  just  beyond  the  iuucr  region. 
The  iucidcut  fields  are  added  to  field  quautitlca  just  outside  the  inner  regions,  when 
they  arc  used  to  calculate  field  quantities  just  williiu  the  iuuvr  rcgiou. 

Tor  the  i/-il(dd  ijularizatlun,  some  saiiiplc  finite  dill'erence  cqualinns  in  the  vicinity 
interface  hctweeii  the  two  regions  are  [See  figure  6] 


lltu  ^(i  +  \,k 


n:;hi  +  i-.fc  -I-  \)  H  ™  d-  +  i)  (31) 


),k) 


K.{i  H  { [ii.V  ^(i  T  i-,  H  5) 


(32) 


The  iui|>lcmeiitatiuu  of  a  current  line  source  is  more  straiglitforword.  In  tins 
situation,  total  liclds  arc  calculated  withiu  the  entire  computational  domain.  Thu 
ciirrcui  line  source  is  essentially  a  point  source  iu  this  two-dimensional  simulation, 
for  the  it'-iicld  piiliui/.utiuu,  on  electric  line  current  in  the  y  direction  is  the  source, 
while  for  the  f/-tiold  polarisation  a  magnetic  hue  current  iu  the  y  direction  it  the 
suurcc.  lienee,  the  value  of  either  1!^  or  Zf,,,  depending  on  the  polarisation,  is  imposed 
at  single  point  for  each  time  step.  Fur  example,  the  hue  current  source  could  be  a 
siuuauidal  or  Gaussian  pulse  time  funciiou. 


2.6  Abuotbiug  Boundary  Condition 

An  absorbing  buiuidaij  coiidiliuii  at  ike  outer  boundary  is  needed  to  uiaice  the  com¬ 
putational  domain  finite,  and  to  siuiulato  unbounded  space  beyond  the  computational 
domain  [See  Figure  7]  [7-10].  The  absorbing  boundary  condition  used  for  this  problem 
is  the  second-order  approximation  derived  by  hiugquist  and  Majda  [7]. 

/O’  0’  1  ff’  \ 

■'  "  2 «r>  j 

where  ui  is  a  held  quantity  which  is  tougcutia!  to  the  absorbing  boundary,  n  is  the 
normal  direction,  T  is  the  tangential  direction,  and  r  is  time  iiorniulixed  with  respect 
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to  the  upced  of  litsht.  The  uccoud-ordcr  abeorbiug  buuudary  couditiou  works  very 
well  for  waves  wluch  are  at  or  ucar  uortuol  iucidcucc,  arid  aot  os  well  for  waves  wlilch 
arc  hkcidcut  at  grouiug  auglcs.  This  secoud-ordcr  absorbing  boundary  eunditiou  eon 
be  applied  to  all  tin;  edges  of  the  coinputatioual  domain. 

At  the  corners  of  the  computatloual  domain,  the  second-order  absorbing  boundary 
eunditiou  cannot  bo  used,  since  the  normal  and  tangential  directions  are  not  defined. 
In  treating  the  corners,  an  average  of  the  two  limiting  cases  fur  the  normal  direction 
is  used  with  a  iirst-urdcr  absorbing  bouudiuy  condition. 
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where  rij,  and  U]  arc  the  two  limiting  cases  fur  the  normal  direction  at  tlie  corner. 
1'hc  ubsorhiug  boundary  coutUtiou  at  the  corners  is  not  ns  important  us  at  the  edges, 
heeauHC  there  is  only  one  point  at  each  corner,  while  there  are  many  points  on  the 
edges.  Thus,  in  general,  using  the  tlrst-urdcr  absorbing  boundary  cuuditiun  at  the 
corners  will  nut  cause  sigiiilicaut  deterioration  in  the  accuracy  of  the  algorithm. 

The  absorbing  boundary  is  not  rci^uired  to  absorb  the  incident  plane  wave,  be¬ 
cause  the  scattered  lields,  from  which  the  lucidenl  ]>lane  wave  has  been  analytically 
removed,  are  calciduted  outside  the  inner  region.  Since  the  scattered  Held  radiates 
fiuiu  the  target,  the  outgoing  scattered  lields  will  not  be  incident  on  the  absorbing 
boundary  at  graxiug  auglcs,  which  allows  the  abuorbiug  boundary  couditiou  to  absorb 
a  large  percentage  of  the  outgoing  scattered  lields. 

3  Numerical  Results  and  Discussion 

Various  clcctrumaguctic  phenomena  were  exauiiueJ  and  animated  utilising  the  h'D- 
TD  code.  A  few  of  the  clectrumaguotic  phcuoiucua  which  are  examined  in  this 
paper  uicUdc:  leading  and  trailing  edge  ditfractiuus  fiom  a  conducting  strip  and 
their  dependence  on  polarization,  creeping  waves  around  a  conducting  cylinder,  and 
radiation  from  u  line  source.  In  each  of  the  surface  plots  shown  in  Figures  S-ll, 
the  outhucH  of  the  ta>  gets  and  the  line  sources  will  be  represented  by  a  uniform 
small  positive  height.  The  size  of  the  computational  domain  used  to  perform  these 
simulations  was  200  nudes  by  2U0  nodes  large.  The  physical  size  of  the  computational 
domain  was  chosen  to  be  10  meters  by  10  meters. 

The  target  In  the  lirst  two  coses  is  a  thin  perfectly  electrically  cimductiug  strip 
which  is  in  the  center  of  the  coinputatioual  domain.  The  strip  is  3.5  meters  wide 
and  0.1  meters  thick.  The  oxcilutiou  source  is  a  Gaussian  puhe  plane  wave  which  is 
incident  at  7  degrees  above  the  plane  of  the  strip.  The  pulse  width  is  0.354  meters 
and  is  dclined  to  be  equal  to  two  standard  deviations  of  the  Gaussian  pulse.  The 
lirst  case  involves  the  £-iield  poluizatiou  utd  is  illustrated  in  Figure  0.  B'or  Figure 
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8,  the  electric  iield,  which  is  poiuliu|i;  out  of  the  gruper,  is  plotted.  Thu  Guuskiou 
liulsu  pluue  wuvc  uppeuru  us  u  fuirly  uuifonii  hill  wliieh  stretches  across  the  entire 
cuiiipiitutiuuul  duiiiuiii.  The  surface  plot  was  rueurded  when  tlic  Guussiau  pulse  pluue 
wuvc  hud  already  propagated  ucav  the  cud  of  the  strip.  The  ring,  wlrich  is  ccuiered  ut 
uuc  edge  of  the  striji,  is  the  leading  edge  ditl'raclioii  t'roui  the  edge  of  the  strip  which 
was  struck  first  by  the  plane  wuvc.  Tire  diffraction  from  lire  leading  edge,  in  this 
case,  is  strong  because  tircrc  is  a  strung  discontinuity  iu  the  electric  Held  when  the 
pulse  strikes  tlie  leading  edge.  'Tlic  perfect  electric  conductor  requires  tire  tangciitiiU 
electric  Held  at  the  surface  to  he  aero,  licucc,  when  the  incident  electric  Held,  whiclr  is 
parallel  to  the  strip's  surface,  strikes  tlic  strip,  u  rtroug  rellected  wave  is  generated  iu 
order  to  satisfy  tlic  boundary  cunditiiiiiu.  At  the  troiUng  edge,  the  boundary  conditiuu 
of  iinpiirtuuce  status  that  the  current  must  be  cuulinuous.  Since  tlic  niuguctic  Held 
is  idiuoit  perpciidiculur  to  tlie  strip,  tlie  tungcutiol  magnetic  fields  at  the  surface 
will  be  weak.  Tims,  tlie  surface  currents  will  also  be  weak,  and  there  will  be  little 
dilfructiou  ut  the  truihng  edge.  The  second  c.iuc,  wliicli  is  illustrated  iu  Figure  ti, 
involves  the  f/-Hcld  puluruation.  lii  this  cose,  the  mugiiclic  field,  lly,  wliicli  is  also 
pointing  out  of  tlic  paper,  is  plotted.  The  Guuusiaii  pidsc  plane  wave  liou  propagated 
post  the  strip,  and  now  two  circular  rings  cun  be  seen.  Tlie  larger  ring  is  tbe  leading 
edg  e  dhi'ractiuu,  wincli  is  weaker  than  tlie  previous  case  because  the  electric  field  of 
tlie  incident  plane  wave  points  nearly  perpendicularly  to  the  strip,  and  causes  a  less 
severe  discuiitiiiuitj  iu  the  tangential  electric  field  at  the  strip's  surface.  Tlie  smaller 
ring  represents  the  trailing  edge  ditfructiuii.  In  this  cose,  the  suifoce  currents  will  be 
particularly  strong  because  the  uiugiictic  Held  is  always  parallel  to  the  strip’s  surface. 
Thu  strung  trailing  edge  diHiuctiuii  is  due  to  the  large  discontinuity  iu  the  surface 
current  ut  the  IroUiiig  edge  of  tlie  strip. 

The  third  scuLterer  is  a  pcri'uctly  conducting  cylinder.  The  uxeitutiuu  source  is 
again  u  Gaussian  pulse  plane  wave  wliich  is  incident  ut  UU  degrees  for  the  //-field 
pulorlsalioii.  Thu  cylinder  has  u  dioiiictor  of  2.6  meters,  and  the  pulse  width  is  again 
U.364  meters.  Figure  lU  iilustrstcs  the  uiogiietic  field,  liy,  as  the  plane  wave  scatters 
ulf  tile  cylinder,  /kgaiu  tiiu  incident  jdaue  wave  cun  be  seen  after  it  has  propagated 
post  tlie  cylinder.  The  circular  arc  is  travelling  outward  away  from  the  cyliuder  aud  is 
the  jpcculiir  rcHcction  from  tlic  cybiider.  lu  the  vlciidty  of  the  shadow  region,  where 
the  cylinder  blocks  the  iucidciit  plane  wave,  the  circular  arc  is  slili  attached  to  the 
conducting  cyliuder  and  travels  around  the  back  of  the  eyliuder.  This  phunuiueua  is 
known  us  a  creeping  wuvc.  Creeping  waves  occur  much  more  strongly  for  the  //-Held 
puluriziilioii  because  stronger  surface  currents  are  generated  which  essculiuUy  allow 
tile  Hcld.i  to  reuiuin  attached  to  the  cyliuder. 

The  losi  cose  simply  illustrates  radiutiuii  from  a  simple  line  source  iuteructiug 
witli  two  perfectly  conducting  stiips.  The  two  strips  lie  on  the  same  line  and  arc  1.(16 
iiioters  wide  and  (1.1  luetors  tliick,  and  arc  separated  by  U.4  meters.  The  line  source 


46 


ia  2  luctcrs  directly  above  the  Kpaec  iubetweeu  the  two  strips.  The  liuc  source  Las 
a  Gaussian  pulse  tiiuc  dcjimdcucc  with  a  pulse  width  ul  0.3D4  ureters,  lu  this  ciu. 
the  i/-licld  polarization  is  examined,  aud  figure  11  shows  the  uiagnctic  iield  Ily,  lu 
this  iigurc,  u  uuifurui  cyliudricol  wave  cou  be  seen  einaiiatiug  £roiii  the  liun  source. 
The  reflcctiou  oil  the  perfectly  coiiductiug  striirs  simply  illustrates  hov/  the  curvature 
of  the  wavefrout  reverses  itself,  'rhe  fields  that  pass  between  the  two  strips  radiate 
cyliiidrically  from  the  ajrcrturc  illustrating  sbt  difl'ruction  phenomena. 

An  additional  capability  of  this  code  is  to  examine  resonant  structures  (c.g.  cav¬ 
ities).  Due  to  the  limitations  of  the  surface  plots  and  the  inability  to  include  color 
plots,  it  was  not  possible  to  show  the  resonant  bohaviur  of  any  cavities  in  this  paper. 
One  extremely  useful  aspect  of  this  code  is  to  calculate  aud  disjilay  the  ilclds  in  color 
successively  in  order  to  visually  produce  the  pr<ipagulion  of  electromagnetic  waves  in 
real  time.  The  typical  cuinpulutioiial  lime  fur  aaimution  consisting  of  6UU  lime  steps 
and  lUU  color  plots  is  less  than  1  hour  on  an  lUM  irersunol  computer.  After  the 
FU-TU  cumimtation  has  been  completed,  the  ueluul  nuimution  can  be  played  buck 
ut  about  5  frames  per  si^cond. 


4  Summary 

The  FU-TU  code  develupcd  can  be  used  to  exuuiiue  various  electruinugnetic  phenom¬ 
ena.  The  code  successfully  and  accurately  predicted  the  interaction  between  vorinus 
sources  and  targets,  llecausc  the  FL)-TL)  techniipie  has  the  capability  to  animate 
propagation,  dilfructiou  and  scattering  of  vleclromugnelic  waves,  it  is  well  suited  us 
au  educational  tool  fur  students  Icuruiug  elecltomuguetic  wave  tbeury. 


47 


References 


[l]  Yee,  K.  S.  (1966),  “Numei'ical  Sulutiou  u(  ImtiiU  Bouodaiy  Vaiun  Problems 
luvolviag  Maxwell’s  Equations  iu  Isotropic  Media,”  WEE  7Wni.  i4ritcnnas 
Propag-,  Vol'  AF-14,  No.  S.  jip.  30i-m. 

[2j  Li,  K.  (1090),  “EleLtromuguctic  Wave  Scattering  by  Surface  Discoutiuuitics  in  a 
Perfectly  Couductiug  Ground  Plane,”  Master’s  Thesis,  Deiiortmeut  of  Electri¬ 
cal  Engineering  and  Ooinputcr  Science,  M.  1.  T.,  Cambridge,  Massachusetts. 

[3]  Toilove,  A.  and  M.  E.  Urodwin  (197S),  “Numerical  Solution  of  Steady-State  Elec- 
tromaguctic  Scattering  Problems  Using  the  Time-Ucpendcat  Maxwell’s  Equa¬ 
tions,”  IEEE  Tniiti.  Microwave  Theory  Tech.,  Vol.  MTT-23,  No.  d,  pp.  623-630. 

|4J  I.rc,  C.  E.,  K.  T.  Sluu,  J.  A.  Kong  and  U.  J.  McCorliu  (1969),  “A  Einitc  Uill'ercncc 
-  Time  Domain  Technique  on  'IViaugular  Grids,”  J.  of  Eteetromagn.  Waves  u,id 
AppI,,  to  be  published. 

[nj  Morgan,  M,  A.  ed.  (1900),  1‘IEIl  t:  Finite  Eletneul  and  finite  Difference  AfetAuds 
ill  Electromagnetic  Scallerittg,  Elsevier  Science  Publishing  Co.,  Inc.,  New  York. 

[0]  Uuyllss,  A.,  C.  1.  Goldsleiu,  and  E.  I'urkcl  (1965),  “On  Accuracy  Coudilious  fur 
the  Numerical  Computation  of  Waves,”  J.  of  Computational  Phptict,  Vol.  59, 
pp.  300-404. 

[7]  Eugquist,  U.  and  A.  Mujdu  (1977),  “Absorbing  Uuundory  Cuuditions  fur  tlie 
Numvticul  Simulation  ul  Waves,”  Math,  of  Comp.,  Vol.  31,  No.  139,  )ip.  02!)- 
061. 

|6|  Mur,  G.  (1961),  “Absorbing  Uouudiuy  Uonditious  fur  the  Eiullc-Diil'ercncc  Ap- 
piuxiiaatiun  of  the  Tiniu-Uuinuin  Elcctruiuugnctic  field  Equations,”  IEEE 
ifVuns.  itVcctiPinuyii.  Coiapat.,  Vol.  EMC-23,  No.  4,  pp.  377-362. 

|9|  Uuyliss,  A.  and  E.  I'urkcl  (1960),  “lludiutiou  Uuuudary  Coudilious  fur  Wuve-Like 
Equations,”  Oumm.  an  I’liiv  mid  i4p}j(.  Math.,  Vol.  33,  pp.  707-725. 

|10|  'I'ccfethun,  L.  N.  and  L.  llolperu  (1966),  “Well-Pusedncss  of  One-Way  Equations 
and  Absorbing  Uuundury  Cunditious,”  NASA  Cuutructur  llcport  No.  172619, 
Institute  fur  Uuinputer  Applications  iu  Science  uud  Engineering,  NASA  Langley 
Uesciu’ch  Ccuicr,  llainptuu,  Virginia. 


40 


I 


•  (i-l.Ul)  •(i./.tl)  •(I>l.lt+1) 


Figui'c  4;  Inttrfacc  between  u  media  and  a  perfect  magnetic  conductor. 
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Figure  5:  Image  problem  uf  iuteri'ace  between  a  media  and  a  perfect  magnetic  con¬ 
ductor. 
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Figure  6:  Interface  between  inner  and  outer  regiong. 


Figure  7:  Absorbing  boundary  and  computational  domain. 


larization. 
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Figure  10:  Creeping  waves  around  a  perfectly  conducting  cylinder  for  if -field  polar¬ 
ization. 
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Figure  11;  Interaction  between  a  line  aourcc  and  two  perfectly  conducting  strips  for 
^-Held  polarization. 
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lire  Graphical  Electromagnetics  Code  (OUC)  was  developed  at  Ruse-Hulman  Institute  of 
Technology  with  funding  from  the  NSF/IEEE  CAEME  program.  The  objective  of  GEC  is  to  provide 
a  user  friendly  graphical  envir  onment  for  the  formulation  and  numerical  solution  of  general  2-D 
electromagnetic  field  problems  including  static,  harmonic,  and  transient  analysis.  The  code  is  geared 
towards  being  an  educational  tool  for  the  demonstration  of  electromagnetic  field  principles  using  the 
graphical  capabilities  of  the  computer  to  aid  in  the  visualization  of  field  problems.  However,  the  code 
also  has  advanced  features  that  make  it  useful  as  a  rc.sc!irch  tool  for  praclicinn,  electromagnetics 
engineers  and  scientists. 

GEC  is  targeted  for  286  and  386  class  DOS  personal  computers  with  EGA/VGA  graplilcs 
capabilities,  mouse,  and  640k  memory,  but  will  operate  on  8086  machines  us  well.  GEC  uses  a 
graphical  environment  with  mouse  and  keyboard  support.  A  field  problem  can  be  desci  ibed  by 
drawing  the  geometry  of  the  problem  on  the  screen  with  the  aid  of  a  mouse,  in  a  manner  similui  to 
some  of  the  "paint"  programs  common  on  PCs.  Tliere  is  support  for  tite  basic  shapes  such  us;  dot 
(l)oint  source),  box,  line,  circle,  ellipse,  polygon,  and  pic  slice.  The  inatci  iuls  used  in  the  geometry  can 
have  arbitrary  permittivity,  permeability,  and  conductivity.  Tne  matet  ials  arc  differentiated  on  the 
screen  by  color  and  pattern  where  they  can  be  selected,  moved,  copied,  etc.  In  addition,  there  is 
support  for  creating  material  libraries  of  often  used  materials.  Furthermore,  there  a  several  types  kil 
default  prototyite  sources  to  cliuose  from  including  DC,  AC,  and  transient  type  sources.  GEC  wi  iic.s 
the  gcomtitty  and  material  files  to  disk  in  ASCII  format  for  easy  access  and  modifictiiion  by  3nl 
init'ties. 


The  static  and  harmonic  analysis  use  FD  methods  to  solve  for  electric  potentials  on  a 
regular  rectangular  gr  ids.  Similarly,  the  transient  analysis  uses  a  Finite  DLifcrcncc  Time  Domain 
(I'D-TD)  algorithm  to  calculate  the  time  hi.story  of  the  electric  and  magnetic  field  on  interlaced 
("dual")  regular  rectangular  grids  ("Yce-lattice").  The  grid  used  for  the  com|)ulation.s  is  indepcndcni 
of  the  grid  u.scd  to  describe  the  problem  geometry.  Thus,  it  is  easy  to  start  with  quick  coarse  solutlon.s 
to  a  problem  and  then  refine  the  computation  grid  if  neces.sary  with  no  modifications  to  the  problem 
geometry. 


Tlie  computation  grid  is  terminated  by  coupling  the  interior  grid  to  a  radiation  integral 
formulation  for  the  iiifinite  exterior  region.  Tlie  solution  process  matches  the  b'D  (or  FD-TD)  and 
radiation  integral  equation  solutions  along  the  grid  boundary  using  an  iterative  process.  In  addition, 
GEC  also  supports  the  use  of  infinite  ground  planes  by  using  image  theoiy  in  the  different  unaly.scs. 
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In  tlic  distant  past  most  electromagnetic  analyses  were  curried  out  analytically  for 
canonical  structures.  Integral  equation  techniques  were  preferred  since  approximate  source 
distributions  (current  or  charge)  or  asymptotic  analyses  could  often  lead  to  the  dominant 
behavior  of  the  uue  solution.  This  preference  endur^  as  numerical  electromagnetic  codes 
were  developed.  Differential  equation  based  and  time  domain  algorithms  have  not  received 
as  much  attention  in  rcseaich  and  commercial  applications.  The  recent  significant  speed 
itnprovements  in  readily  available  computers  has  caused  a  refocusing  of  attention  toward 
tlicsu  long  neglected  techniques. 

Recently,  many  authors  have  reported  implcmcniation  of  the  Finite  Element  Mctliod 
(FEM)  free,  of  spurious  solutions  [I].  Commercially  available  software  packages  are 
beginning  to  incorporate  these  new  solution  techniques.  One  such  software  package  avail¬ 
able  from  Hewlett  Packard  (HP85180A)  is  referred  to  us  the  High  Frequency  Stnictnrc 
Simulator  (HESS).  This  product  is  biased  toward  ihe  solution  of  arbitrary  two 
(propagating)  and  three  dimensional  KF,  microwave,  and  mm-wave  cucuits  ty|)c  geome¬ 
tries. 


Ihe  goal  of  this  incsentation  is  to  present  to  the  numerical  electromagnetics  researcher 
the  capabilities  of  such  commercially  available  products.  A  brief  history  of  numerical  elcc- 
iromagtietics  will  he  discussed  to  set  the  stage  for  the  development  of  FEM  algorithms.  A 
block  diugiutn  will  be  presented  to  inform  the  audience  of  the  many  technical  disciplines 
tliat  constitute  tiicse  numerical  tools.  The  main  focus  of  the  talk  will  be  the  sons  of  uppli- 
caiiuns  that  have  been  analyzed  with  HFSS.  Tire  results  are  not  just  propagation  consuims, 
cituracteristic  impedances,  and  scattering  parameters.  In  addition,  any  examples  of  the 
}’.i '  ipliical  display  of  two  and  three  dimensional  electromagnetic  fields  will  be  presented. 
T  hese  graphical  displays  lead  both  research  and  de.sign  user.s  to  develop  a  much  liigher 
undeistanding  of  the  physical  solution  or  how  the  design  must  be  jicrturbcd  to  function 
properly.  The  types  of  problems  that  HFSS  presently  addressee  will  be  classified  and 
cliarticterized  through  example  solutions  and  compttrison  with  mcast’remcnis.  Problems 
that  UF'SS  does  not  cuneiitly  address  will  also  be  presented.  The  advances  in  be  imple¬ 
mentation  of  the  FEM  to  achieve  these  solutions  will  be  discussed. 

Groups  .such  as  ACES  represent  the  pool  of  talent  from  which  theoretical  advances 
will  come  to  further  develop  numerical  electromagnetic  tools.  The  talk  will  conclude  with  a 
discussion  of  research  topics  that  should  be  addressed.  The  applicability  to  general  areas  of 
numerical  techniques  and  tlie  relative  difficulty  of  tlresc  suggested  topics  will  also  be 
addressed. 

1 1 1  "The  Transfinite  Element  Method  for  Modeling  MMIC  Devices,"  Z.  J.  Cendes  and  J. 

F.  Lee,  IEEE  MTT-S,  Vol.  36,  No.  12,  Dec.  1988,  pp.  1639-49. 
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SOFTWARE  FOR  ANTENNA  MODELING  AND  RADAR  APPLICATIONS 


Robert  J.  Hancock 
CAE  Soft  Corporation 
P.  O.  Box  818 
Rockwall,  Texas  75087 


llitt  CAE  Soft-Phased  Array  Analysis  System  (CS-PAAS)  computer  program  enables 
suideius  and  practicing  engineers  to  model  phased  array  antennas  quickly,  accurately,  and 
incx|)cnsively  using  a  personal  computer  or  VAX  uomputer  system.  CS-PAAS  simplifies 
antenna  model  development  for  the  novice  while  offering  complete  flexibility  uitd  advanced 
techniques  fur  the  cxpcricnecd  user.  CS-PAAS  can  be  used  to  design  and  analyze  specific 
pliased  an'ay  configurations  and  determine  pcifonnance  sensitivity  to  component  tolerances 
and  other  error  sources. 

Tite  program  is  primarily  used  for  the  evaluation  of  discrete  planar  arrays.  These  pla¬ 
nar  arrays  rcprc.scnt  either  electronically  scanned  phased  array  antennas  or  sampled  dish 
antenna  illumlriation  functions  evaluated  in  a  reference  plane.  The  program's  emphasis  is 
on  speed,  accuiucy,  and  versatility  with  easily  evaluated  results.  The  program  is  in  a 
modular  suucturc  which  allows  easy  incorporation  of  additional  capabilities.  CS-PAAS  is 
a  dcmilcd  amenna  sinuilativm  computer  program.  Written  for  the  systems  engineer,  it  is  a 
valuable  tool  for  (he  design  and  evaluation  of  phased  anay  antenna  systems. 

A  piiascd  urnty  antenna  system  consists  of  a  group  of  subsyttlcms  which  arc  com¬ 
posed  of  various  fimctioiutl  clcntcuts,  such  as  power  dividers,  phase  shifters,  and  radia¬ 
tors.  In  CS-PAAS  emphasis  is  placed  on  accuralely  simuluiing  the  functional  elements 
hccatise  tlic  same  functional  elements  arc  used  in  many  phased  array  antennas  -  only  the 
parameters  change,  for  example,  most  phased  arrays  have  phase  sliifters  but  the  nuntber 
of  bits  varies  from  one  system  to  anotlicr. 

The  simulation  is  comprehensive.  Currently,  a  number  of  different  feed  networks 
can  be  modeled.  The  main  array  cun  be  a  variety  of  generic  shapes.  A  number  of  ampli¬ 
tude  tapers  for  side  lobe  conUol  arc  also  available.  The  element  layout  and  radiator  type  can 
be  specified  and  a  host  of  systematic  and  random  errors  can  be  included.  CS-PAAS  is 
ideally  suited  for  predicting  phased  airay  performance  sensitivity  to  component  tolerances 
and  other  eirors. 

In  the  paper  an  overview  of  tlie  CS-PAAS  computer  program  and  its  capabililics  will 
be  provided.  Following  tliat  the  results  from  selected  antenna  system  analyses  that  were 
performed  using  CS-PAAS  will  be  prescnicd.  Among  those  examples  will  be  ihc  analysis 
of  an  interfei  umelcr  antenna  system  and  an  evaluation  of  phased  array  ijeriortviimce  sensi¬ 
tivity  to  correlated  phase  and  amplitude  errors  in  a  coiporatc  feed  power  distribution  net¬ 
work. 
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Abstract 

This  contribution  describes  a  general  electromagnetics 
simulator  HXPLOUER  for  rectangular  microstrip  geometries. 

The  analytical  formulation  is  based  on  the  electric  field 
Integral  aquation  which  is  solved  by  the  Method  of  Momenta. 
The  general  geometry  to  be  analyzed  consists  of  a 
metallization  interface  that  is  situated  betwoon  various 
dielectric  layers.  The  entire  structure  is  enclosed  in  a 
rectangular  box.  The  electromagnetics  code  contains  an 
automatic  generator  for  the  current  subsections  which  allows 
the  convenient  definition  of  the  microstrip  geometry.  A 
number  of  examples  are  shown  in  order  to  demonstrate  the 
effect  of  losses,  mutual  coupling  and  box  resonances. 


Introduction 

Accurate  characterization  of  passive  microstrip  components 
is  sssential  for  the  design  of  microwave  and  millimeter  wave 
components  such  as  filters,  couplers  and  delay  lines. 
Typically  these  circuits  have  been  modeled  by  subdividing 
them  into  functional  blocks  like  microstrip  bends,  junctions 
and  transmission  lines.  Models  for  these  individual  elements 
are  well  developed  and  are  readily  available  in  circuit 
analysis  programs.  The  performance  of  an  entire  circuit  is 
obtained  by  cascading  the  individual  functional  blocks.  The 
access  time  for  the  electrical  characteristics  of  each 
element  is  rather  small  which  allows  complete  circuits  to  be 
analyzed  within  seconds  on  a  personal  computer.  In  addition, 
the  approach  of  cascading  individual  circuit  elements  allows 
for  optimization  and  statistical  circuit  analysis  within 
acceptable  time  frames. 

However,  as  circuit  density  increases  certain  circuit 
elements  can  no  longer  be  treated  as  isolated  components  and 
their  interaction  with  adjacent  structures  nee  is  to  be  taken 
into  account  for  accurate  prediction  of  circuit  performance. 
A  treatment  of  interacting  elements  that  is  based  on  curve 
fitting  techniques  Is  impractical  due  to  the  large  number  of 
parameters  associated  with  interacting  structures.  Accurate 
characterization  of  these  cases  requires  a  rigorous  solution 
to  Maxwell's  Equations.  A  number  of  full  wave  solutions  have 
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bean  davaloped  in  the  p^iat.  [1~6] .  The  analytical  foundation 
of  aoat  solvera  is  baaed  on  the  integral  aquation  approach. 
The  unknown  represents  the  surface  currant  on  tha  luicrostrjp 
which  is  solved  for  by  the  Method  of  Moments.  The  evaluation 
of  the  Moment  Matrix  and  the  solution  of  the  resulting 
linear  system  requires  computation  times  that  exceed  run 
times  of  conventional  circuit  analysis  programs 
considerably. 


Theory 

The  structure  of  interest  consists  of  a  microstrip 
motsiiization  pattern  that  is  situated  between  multiple 
dielectric  substrata  layers.  Me  analyze  the  configuration  in 
a  conducting  box  with  possible  lossy  top  and  bottom  cover. 
The  tangential  electric  field  on  ttie  microstrip  is  derived 
from  the  transverse  magnetic  and  transverse  electric  field 
components.  For  the  lossy,  multilayered  structure  the 
related  Green's  function  is  derived  using  the  immltance 
approach  t'^]-  After  applying  the  appropriate  boundary 
conditions  the  integral  equation  for  the  electric  field  is 
found  to  be; 


Ei„cU,>')=2J(;c |  x\y  | 


where  J  represents  the  surface  current  on  the  metal,  a 
represents  the  surface  impedance  of  the  metal  and  a  is  the 
associated  dyadic  Green's  function  of  the  geometry {. 7 } .  In 
the  Moment  Method  we  employ  roof  top  functions [U]  for  basis 
and  testing  functions.  Thanks  to  the  evalviation  of  the  roof 
top  functions  in  the  spectral  domain  the  convergence  of  the 
double  infinite  series  is  obtained  at  acceptable  limits. 
Mora  precisely,  the  upper  limit  for  the  summation  is  chosen 
to  be 


where  a  represents  the  length  of  one  side  of  the  box  and  d 
represents  the  desired  spatial  resolution. 

An  efficient  technique  for  the  evaluation  of  the  elements  of 
tha  Momant  Matrix  has  been  published  previously  [9].  The 
double  summations  in  the  formulation  of  the  elements  In  the 
Moment  Matrix  are  rewritten  in  such  a  form  that  they  are 
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sultQd  for  '  o  application  of  two  dinonslonal  discrete  fast 
Fourier  tr^^^  .-fonas. 

In  order  to  alleviate  the  burden  on  the  part  of  the  user  an 
algorithm  has  been  developed  that  computes  the  location  of 
the  current  subsections  from  a  minimum  sat  of  Information 
that  is  provided  by  the  user.  Instead  of  specifying  the 
locution  of  all  the  current  subsections,  the  user  Is  only 
required  to  specify  the  corners  of  the  polygons  which 
describe  the  metallzatlon  structure.  The  program  divides  the 
matalizatlon  pattern  in  such  a  way  that  larger  subssotlons 
are  used  on  transmission  line  regionc  and  smaller  sections 
are  used  in  discontinuity  areas.  A  sample  grid  for  a 
mlorostrip  right  angle  bend  is  shown  in  figure  1.  Hote  that 
as  the  edges  of  the  transmission  line  region  are  approached 
the  grid  upaclng  Is  decreased.  Also,  in  the  discontinuity 
region  of  the  right  angle  bend  a  higher  grid  density  Is 
maintained.  Due  to  the  application  of  fast  Fourier 
transforms  all  grid  spaclngs  need  to  be  a  multiple  Integer 
of  the  minimum  grid  spacing. 


Hssults 

In  order  to  demonstrate  the  application  of  the  program  we 
analyzed  three  examples.  The  first  case  demonstrates  mutual 
coupling  effects  using  a  mlcrostrlp  filter.  A  next  example 
shows  the  effect  of  package  resonances  on  the  performance  of 
a  mlcrostrlp  gap  discontinuity.  For  the  final  example  we 
compute  the  s  parameters  of  a  lossy  transmission  line  and 
compare  the  results  to  those  obtained  from  a  two  dimensional 
spectral  domain  program  (see  appendix) . 

The  circuit  characteristics  of  the  filters  shown  in  figure  2 
are  compared  in  figure  3.  We  show  the  transmission  of  a 
mlcrostrlp  filter  for  three  cases.  These  incTuds  the 
fullwave  results  obtained  from  EXPLORER  for  the  structures 
of  figure  2  and  the  results  obtained  from  an  idealized 
circuit  analysis.  For  the  idealized  case  interaction  of  the 
stubs  Is  neglected.  Note  that  the  orientation  of  the  stubs 
and  the  interaction  between  them  has  a  significant  effect  on 
the  bandwidth  of  the  filter.  These  effects  cannot  be 
described  with  conventional  circuit  simulators  that  assume 
idealized  conditions  c.g.  Isolation  between  various  circuit 
elements.  For  this  example  we  used  a  SO  Ohm  line  on  an 
Alumina  substrate.  The  substrate  thickness  and  the  cover 
height  were  0.1323mm  and  2.64emm,  respectively.  The  planar 
substrata  dimensions  were  chosen  to  be  3.429mm  by  6.985iam 
and  the  reference  planes  were  placed  at  an  offset  o.889iiun 
from  the  wall.  The  stubs  were  2.921mm  long  and  were 
separated  by  s«>0. 782mm. 

The  next  example  shows  the  transmission  of  a  mlcrostrlp  gap 
within  a  frequency  range  where  box  resonances  bscome  a 
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mattor  of  concern.  The  trunt;inisslon  is  shown  in  figure  4. 
KXPLOHEU  determines  possible  package  resonant  frequencies 
before  the  structure  is  analysed  and  for  this  case  predicts 
the  resonant  TMuQ  mode  at  fj;.  -  10.343  Gha.  This  situation 
is  reflected  in  figure  4.  Notice  the  perfect  transmission 
around  10.4  GHz  which  is  due  to  the  resonant  package  mode. 

Ws  include  the  simulated  results  for  the  case  whore  no 
package  effects  are  considered  and  the  trace  for  this 
idealized  case  is  smooth  indead,  l-'or  this  example  we 
selected  a  SO  Ohm  microstrip  line  on  2S  mil  Alumina  enclosed 
in  a  box  of  dimensions  19.02mm  by  19.02mm.  The  gap  with  was 
2/3  W.  The  substrata  and  cover  height  were  0.635mm  and 
3.aimm  respectively. 

Figure  5  compares  results  for  the  magnitude  and  phase  of  the 
transmission  s  parameter  for  a  lossy  microstrip  line  using 
FXPiiOUbH  to  results  obtained  from  a  two  dimensional  spectral 
domain  approach  (see  appendix) .  The  agreement  In  the 
frequency  range  up  to  15  GHz  is  excellent.  For  the 
microstrip  line  with  w/h-1  wu  used  a  25mll  Alumina  substrate 
with  a  loss  tangent  of  1.0.  The  planar  substrate  dimensions 
were  chosen  to  bo  10mm  by  6mm.  The  line  was  deombeded  with 
the  location  of  the  reference  planes  at  a  2.5rain  offset  from 
the  walls.  The  cover  height  was  3.uimm. 


Gonolualon 

The  electromagnetics  code  EXPLOHKK  has  been  introduced  which 
is  based  on  the  fullwave  solution  for  a  boxnd,  multilayered 
microstrip  geometry.  The  code  was  applied  to  demonstrate  the 
effect  of  losses,  coupling  and  package  resonanoos  on  the 
electrical  characteristics  of  selected  microstrip 
structures.  It  became  apparent  that  the  application  of 
fullwave  electomagnetics  computation  improves  the  modeling 
accuracy  as  compared  to  conventional  circuit  analysis  whore 
the  interactions  between  various  circuit  components  are 
neglected.  The  efficient  numerical  treatment  and  the  fact 
that  modern  workstation  computers  reach  larger  processing 
speeds  makes  electromagnetics  simulation  a  realistic  option 
in  Microwave  Integrated  Circuit  Design. 


Appendix 

since  the  two  dlmonsional  spectral  domain  method  is  well 
known  and  Vhe  derivation  of  the  Green's  function  follows  a 
similar  approach  as  used  in  EXPLORER,  it  will  only  be 
outlined  briefly. 

The  one  dimensional  currents  on  the  strips  are  expanded 
using  sinusoidal  basis  functins  modified  by  an  edge 
condition  term.  Applying  Galorkin's  method  along  with 
Farseval's  theorem,  we  obtain  a  set  of  algebraic  equations 
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for  the  unknown  current  coefficients.  The  complex  value  of 
beta  which  makes  the  determinant  of  the  characteristic 
matrix  equal  to  zero  is  the  propagation  constant. 

Once  the  propagation  constant  and  the  expansion  coefficients 
are  determined,  the  complex  power  flow  is  calculated.  The 
complex  impedance  of  the  transmission  line  is  related  to  the 
ratio  of  the  complex  power  flow  to  the  total  longitudinal 
current. 
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Figure  1 :  Sample  grid  for  a  microstrip  right  angle  bend 
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Figure  2:  Microstrip  stub  filter  used  to  demonstrate  the 
coupling  effect  of  the  stubs 
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Figure  3:  Transmasion  321  for  microstrip  stub  filter 
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Figure  4:  F.ffect  pf  package  resonance  on  the 
transmission  S21  ot  a  microstrip  gap 
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(b)  Phase 

Figure  5;  Cpmparison  of  the  transmission  for  a  lossy 
microstrip  line 
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A  CASE  FOR  REALISM  IN  SCIENTIFIC  ANIMATIONS 


Zvoako  FHuriiu:, 

Ptofciior.  Stmford  Utiivcnity,  Culifoniiu 
CottuiUunt  to  ficHktl-Fuckard  Laburutonti,  Futo  Alto,  CoUfonua 


The  author  ducusKs  the  pUlalU  of  uicittific  animations  performed  in  two- 
dimcnitiunai  space  One  supporting  example  is  collUional  intnradiott  of  neutral 
particles.  The  cquipartition  id  energy  or  the  Maxwellian  velocity  diurtbuiioo 
cannot  be  cx;K’cted  from  lwo*dimciuional  umulaliocu  or  from  random  iclcuion 
of  the  Ixiunce  after  the  collision  even  if  the  energy  and  momentum  conservation 
principles  arc  imposed.  The  second  supporting  example  is  the  mutual  inleraetion 
of  charged  particles.  Neither  Coulomb’s  law  nor  Gauss’s  law  are  satisfied  in  iw^ 
dimccoional  animations  and  pciuliar  behaviour  is  observed.  In  the  future  when 
scientific  animations  become  widely  accepted  as  the  "nature’s  bcbavu''ir’  their 
deviation  from  (he  truth  may  create  scriou!*  damage  to  the  student*cxplofcr. 

Threc*dimciisional  animations  are  compute  intensive  and  not  very  prone  to 
visualization.  The  author  outlines  efficient  algorithms  for  realiaic  Uircc' 
dimensional  interaction  of  neutral  and  charged  particles  and  offers  binU  for  their 
implementation  in  cisuuluatum  software  packages. 

Demonstrations  ol  behaviour  of  such  algoritbnis  on  a  UNIX  workstation  will  be 
ollcrcd  after  (he  Icctuic. 
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Educational  Uies  of  GEM.  S 

by 

Edgar  L.  Coffey.  Ill 

Advanced  Electromagnetics 
S617  Palomino  Dr.  NW 
Albuquerque,  New  Mexico  87120 


The  GEMACS  (General  Electromagnetic  Model  for  the  Analysis  of  Complex  Systems) 
computer  program  is  well-suited  to  educational  uses.  Students  can  access  a  wide  variety 
of  physics  techniques  and  solution  methods  from  a  single  input  format.  They  can 
examine  data  in  a  consistent  output  format.  The  purpose  of  this  paper  is  to  describe 
some  of  the  capabilities  of  GEMACS  and  its  suitability  to  use  in  the  engineering 
classroom. 


Capabilities 


Version  S.O  of  GEM.ACS  is  a  highly  integrated  program  that  supports  the  more  common 
electromagnetic  solution  methods:  (1)  method  of  moments  (MOM),  (2)  geometrical  theory 
of  diffraction  (GTD),  and  (3)  finite  differences  (FD).  The  abun^nce  of  methods  in  one 
computer  program  facilitates  its  use  for  instructional  purposes. 

Method  of  moments  supports  both  wire  segment  and  surface  patch  elements  ns  well  as 
wire-patch  connections.  MOM  wire  segments  can  be  loaded  with  lumped  or  distributed 
loads.  The  GTD  capability  supports  multiple  ray  tracing  interactioas  among  a  structure 
composed  of  plates,  cylinders,  und  cylinder  end  caps.  There  are  no  hard  limits  to  the 
number  of  interactions  or  the  number  of  GTD  modeling  elements  in  GEMACS.  GTD 
elements  can  also  be  loaded  with  an  arbitrary  surface  impedance  if  desired.  Finite 
differences  is  implemented  in  the  frequency  domain  for  compatibility  with  the  other 
GEMACS  modeling  techniques.  At  present  IT)  is  restricted  to  interior  (cavity)  regions. 

GEMACS  also  supports  combinations  of  methods.  The  two  rooet  important  combinations 
are  MOM/GTD  and  MOM/GTU/FD.  A  MOM/GTD  problem  contain!  both  MOM  and 
GTD  modeling  elements  in  the  geometry.  A  MOM  interaction  matrix  is  generated 
among  the  line-of-sight  interactions  among  the  MOM  elements  and  is  then  augmented 
by  a  GTD  interaction  matrix  obtained  from  ray  paths  Uiat  interaction  with  the  CTO 
elements  of  the  sL'ucture.  lliis  is  shown  in  figure  I. 

The  MOM/GYD/FD  hybrid  permits  the  analysia  of  multiple  region  problems  such  as  the 
one  shown  in  Figure  2.  The  physics  quantities  (inienction  matrix,  excitation  vector)  are 
computed  for  each  region  of  the  hybrid  problem,  then  boundary  conditions  are  matched 
at  the  aperture  interfaces  to  obtain  the  total  prublem  solution. 


Code  Structure 


GEMACS  S.O  hu  been  structured  so  that  the  deuib  of  peripheral  files,  data 
management,  symbol  tables,  and  other  non -engineering  items  are  all  taken  care  of  by  the 
GEMACS  overhead  routines.  This  frees  the  user  to  concentrate  on  the  problem  at  hand 


and  not  be  concerned  about  data  input  formats,  opening  and  closing  devices,  etc.  In 
fact,  the  user  is  presented  with  an  English  language  command  set  and  a  CAD-like 
geometry  language. 


FIELD  POIMT 


(a)  <b>  (c) 

Figure  1.  MOM/GTD  Hybrid  Concept  as  Implemented  in  GEMACS. 


Figure  2.  Multiple  Region  MOM/GTD/TO  Hybrid  Problem  for  GEMACS. 

The  command  language  is  rich  with  features  that  permit  the  user  to  simulate  nearly  any 
problem  he  can  conceive.  Though  it  is  not  an  RCS  computer  code,  GEMACS  can 
compute  the  backscatcer  and  bistatic  RCS  by  using  LOOP  and  lASEL  commands  with 
look  angle  as  the  loop  variable.  Another  usei  can  study  effects  of  ground  conductivity 
on  antenna  performance  using  conductivity  as  the  loop  variab.'e. 

The  geometry  language  contains  the  basic  modeling  elements  of  wire  segments,  surface 
patches,  GTD  plates,  cylinders,  and  end  caps.  CTD  elements  can  have  apertures  placed 
on  them  so  that  a  multiple  region  problem  can  be  worked.  GTD  elements  can  also 
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contain  one  or  more  surface  impedance  areas.  In  addition  to  these  basic  elements,  the 
geometry  processor  allows  CAD-like  manipulation  of  the  elements.  A  group  of  element 
can  be  defined  as  a  modeling  entity  which  can  then  be  replicated  by  translation, 
rotation,  or  reflection.  The  result  is  a  compact  description  of  a  structure  that  can  be 
more  easily  maintained  than  a  structure  described  by  a  series  of  simple  commands. 

GEMACS  also  has  the  ability  to  restart  in  the  middle  of  an  execution.  The  GEMACS 
checkpoint  (CHKPNT)  command  saves  the  state  of  GEMACS  at  any  point  in  the 
execution.  GEMACS  can  then  be  restored  with  the  restart  (HSTAKT)  command  and  the 
execution  will  continue  where  GEMACS  left  off.  This  feature  |>ermits  the  user  to 
correct  errors  without  re-running  an  entire  problem.  But  perhaps  a  more  valuable  use 
of  this  feature  is  the  ability  to  utilize  data  from  earlier  runs  (decomposed  matrices, 
currents,  etc.)  to  generate  new  data  in  later  runs  (different  field  pattern  cuts).  Thus  an 
instructor  can  generate  the  basic  physics  data  for  a  class  and  have  the  students  utilize 
that  data  via  CUKFtiT/RSTAll.7  to  produce  the  observables  of  interest  without  severely 
tying  up  computer  resources. 


Portability 

GEMAC.S  is  written  in  ANSI  standard  FORTRAN.  As  such  it  has  been  easily  hosted  on 
a  wide  variety  of  host  computers  from  an  IBM  PCjr  to  a  CRAY  mainframe.  Thus  the 
identical  code  that  is  hosted  on  a  university's  central  computer  (for  large  problems)  can 
also  reside  on  a  student's  personal  computer  (subject  to  export  control  restrictions)  for 
smaller  (homework)  problems.  We  have  had  no  problem  in  hosting  GEMACS  on  DOS, 
UNIX,  and  OS/2  operating  systems.  I  must  emphasize  that  it  is  the  same  identical 
source  code  for  all  machines  and  all  operating  systems. 


Common  User  Interface 


GEMACS  users  interface  with  the  code  through  the  same  command  set  regardless  of 
solution  method  or  physics  techniques  selected.  This  provides  consistency  in  teaching 
and  gives  the  user  confidence  that  a  particular  command  stream  will  indeed  describe  the 
problem  desired.  Figure  3  shows  santple  command  sets  for  MOM  and  GTD  problems. 
Notice  the  similarity  of  the  inputs. 

S  CEIUCS  MON  ININT  EXAMPLE 
XUMFIL  •  17 
FW  •  SOO. 

SET  I  NT  MOM 
CMOATA  >  MONEX 

ZCEN  SNOATA-NOHEX  ZMAT>X>2IJ 

SRC  •  ESRCtMONEX)  DW>1.,e.  K>10.  THE1A>1>0.  PHU30. 

SOLVE  ZIJ'I  •  SKC 

FLO  ■  EFIELO(HQMEX)  T1>0,  P1°0.  tlP'2.  P2-3M. 

END  OF  COMMANDS 

t  GEHACt  CTO  INPUT  EXAMPLE 
NUHFIL  >  9 
FRQ  ■  300. 

SEflNT  UTO 
CNDATA  ■  OrOEX 

SRC  ■  EMC(liTDEN)  0U>1.,0,  R>10.  TNETA>Ve.  PHI«30, 

FLD  •  EFIELD(NOMEX)  TI>0.  P1>0.  DP>Z.  PZ'SM. 

END  OF  COMMANDS 


Figure  3.  Sample  Inputs  for  MOM  and  G1T>  GEMACS  Simulations. 
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A  GEMACS  Control  Progriim  (GEMCOP)  is  due  to  be  released  in  the  summer  of  1991. 
The  purpose  of  GEMCOP  is  to  make  GEMACS  input  language  generation  and  output 
results  extraction  even  easier  than  it  is  now.  For  example,  GEMCOP  will  allow  the  user 
to  extract  parametric  data  from  a  collection  of  runs  and  plot  those  results  to  the  user’s 
specifications.  For  instance,  one  user  may  wish  to  plot  current  vs.  fretiuency  while 
another  user  may  desire  current  vs.  conductivity.  If  the  data  exist  on  the  computer,  then 
GEMCOP  will  find  the  data,  sort  the  data,  and  format  them  for  plotting.  Hence, 
multiple  users  may  make  use  of  the  same  basic  physics  data  and  not  have  to  re-run 
GEMACS  just  because  the  data  are  scattered  about  among  many  simulations. 


Graphics  Support 

Though  not  a  part  of  GEMACS  proper,  there  is  available  a  powerful  graphics  processor 
that  works  in  conjunction  with  the  GEMACS  input  and  output  streams.  The  GAUGE 
(Graphical  Aids  for  Users  of  GEMACS)  package  contains  routines  for  displaying, 
creating,  and  editing  geometry  inputs  for  MOM,  GTD,  and  FD.  There  are  other 
routines  for  displaying  currents  and  fields,  including  the  ability  to  color  map  currents 
onto  wires,  patches,  and  CTO  solids.  Extensive  visual  aids  such  as  contouring  and 
skeleton  plots  permit  the  user  to  mote  easily  grasp  the  significance  of  the  physics  results. 
For  example,  a  lag  periodic  antenna  can  be  run  with  GEMACS  at  several  frequencies. 
By  color  mapping  the  current  results  back  onto  the  antenna  structure,  the  user  can  see 
how  the  longer  antenna  elements  resonate  at  lower  frequencies  while  the  shorter  elements 
work  at  higher  frequencies. 

There  are  also  other  utilities  with  GAUGE  that  let  the  user  define  his  own  geometry 
elements  via  an  extensive  macro  language  and  to  even  translate  NEC  and  BSC  geometry 
inputs  into  a  foim  that  can  be  displayed  with  GAUGE  and  executed  by  GEMACS. 

Finally  tliete  is  a  new  graphics  companion  to  GAUGE  called  MODELED  (Model 
Editor).  MODELED  among  other  things  takes  an  existing  GEMACS  mode!  and  scales  it 
to  other  frequencies  by  adding  wire  segments  and/or  patches. 


Summary 

We  feel  that  GEMACS  is  an  ideal  teaching  tool  at  the  advanced  undergraduate  and 
graduate  levels.  Its  richness  of  physics,  its  simple  user  interface,  and  its  extensive 
graphic;  support  make  it  possible  for  students  to  simulate  complex  problems  W'ithout 
worrying  about  the  mechanics  of  the  underlying  computer  software. 
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Massachusetts  Institute  of  Technology 
Department  of  Electrical  Engineering  and  Computer  Science 
Cambridge,  MA  02139 

hbstraot 

The  MIT  course,  “Electromagnetic  Fields  and  Energy"  is  the  first  in 
a  two  semester  sequence  that  simplifies  Maxwell's  equations  into 
their  electroquasistatic  (EQS)  and  magnetoquasistatic  (MQS)  forms 
and  takes  a  structured  approach  that  leads  to  electrodynamics 
giving  a  physical  overview  while  developing  mathematical  skills  to 
solve  engineering  problems.  At  first  electromagnetic  waves  arc 
unimportant,  yet  the.  electric  and  magnetic  fields  are  never  static 
with  media  often  introducing  their  own  dynamics.  The  dynamics 
allow  for  a  wealth  of  lecture  demonstrations  to  be  used  throughout 
the  course  to  make  the  mathematical  analysis  take  on  physical 
meaning.  Based  upon  relatively  simple  configurations  and 
arrangements  of  equipment,  the  demonstrations  make  a  direct 
connection  between  what  has  been  analytically  derived  and  what  is 
observed.  Often  accompanied  by  a  plot  of  the  theoretical 
predictions  that  can  be  compared  to  data  taken  in  the  classroom, 
they  give  the  opportunity  to  test  the  range  of  validity  of  the 
theory  and  to  promulgate  a  quantitative  approach  to  dealing  with 
the  physical  world.  In  our  course  the  lecture  demonstrations  arc 
generally  presented  "live"  but  most  of  the  demonstrations  have  also 
been  videotaped  presenting  enough  overview  of  the  theory, 
documentation  of  the  experimental  procedure  and  data,  and  summary 
graphics  to  stand  alone  from  the  textbook.  These  tapes  are  used  to 
train  new  teaching  staff  and  tor  review  at  the  students  convenience 
in  the  departmental  video  room  and  campus  library  and  at  scheduled 
times  on  campus  cable  television.  The  undergraduate  students  in 
the  course  are  urged  to  view  the  videotapes  as  study  aids  before 
exams  while  graduate  students  are  urged  to  view  the  videotapes  in 
their  preparation  for  qualifying  exam  .  These  tapes  are  used  as 
supplements  to  the  electromagnetism  urse  at  many  universities 
throughout  the  world.  The  first  author  can  be  contacted  for 
information  concerning  aenuisition  of  the  videotapes. 
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& 

HyperCard  Tutorials  for  Visual  Electromagnetics 

Rodney  Cole  &  David  KniU 
Physics  Department 
University  of  California,  Davis 


Because  we  cannot  taste,  feel,  or  smell  electric  and  magnetic  fields,  it  is  extremely 
difficult  for  a  student  to  develop  an  intuitive  feel  for  the  subject.  It  often  takes  years  of 
study  to  be  able  to  conceptually  arrive  at  a  solution  without  using  the  powerful  mathematics 
of  Maxwell's  theory.  This  is  a  major  contribution  to  the  decrease  in  the  number  of  students 
choosing  electromagnetics  as  a  career.  This  state  of  affairs  led  us  to  develop  HyperCard 
computer  tutorials  containing  animated  graphics  and  animated  derivations  of  equations. 
The  goal  is  to  link  the  computed  graphical  solutions  for  various  arrangements  of  charge 
with  the  standard  mathematical  techniques.  The  scries  of  HyperCard  tutorials  starts  with 
electrostatics  and  builds  to  cover  radiation  from  charged  particles.  In  using  graphics  that 
students  are  likely  to  encounter  in  current  research  projects,  we  arc  building  graphical 
visual  skills  a  student  is  likely  to  use  the  rest  of  his  life  as  well  as  building  a  visual  intuition 
for  electromagnetics.  We  will  describe  a  computer  simulator  that  is  under  development  for 
static  and  radiated  electric  fields. 
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AN  INVERSE  BOUNDARY  VALUE  PROBLEM  FOR  MAXWELL’S  EQUATIONS 


Erkki  Somctsalo' ,  David  Isaacson’  and  Margaret  Climey’ 

‘  Department  of  Matlieiiiutics 
University  of  Helsinki,  llallituskalu  15,  00100  Helsinki 
’Department  of  Matheinatical  Sciences 
Rensselaer  Polytechnic  Institute,  Troy,  NY  PilSO 


AilSTRACT 

We  consider  the  problem  of  dcterniiiiitig  tin'  e/erl roiiiagiielir  properlies  of  a  body  from  mea¬ 
surements  made  on  the  surface  of  the  body.  We  study  the  full  set  of  Maxwell's  equations  that 
govern  tiuie-barmonic  electric  and  rnagiietic  Helds.  The  uiikiioivii  parameters  that  we  seek  to  re 
construct  from  boundary  nieasuremeu  ts  are  tbe  magnetic  perinealtiJIty  p ,  the  electric  permittivity 
c  and  the  electric  conductivity  tr.  The  boundary  measun'menl  is  exhibited  in  form  of  a  bound 
ary  mapping,  specllically  the  mapiiing  from  the  tangential  components  of  the  electric  field  iu  the 
tangential  components  of  the  magnetic  field.  This  data  can  be  used  to  reconstruct  p.  c  and  o 
approximately,  provided  they  deviate  'inly  slightly  from  known  constants.  We  give  an  estiiiiate  for 
the  reconstruction  error. 


In  ills  paper  (12|,  Calderdu  considered  tiie  problem  of  delermiiting  an  appruxiiiiatiun  to  tlie 
electrical  cundu>  ivity  in  a  bounded  region  it  of  R’  from  electrical  measurements  made  on  tbe 
surface  dll.  This  imptdanee  imuyiny  problem  lias  recently  been  studied  by  a  number  of  authors: 
Uniqueness  results  con  be  found  e.g.  in  [9|,  [1U|,  [1'^]  and  [l.'i],  and  nuinerical  reronstructlun 
iiiethods  have  been  discussed  in  [1],  |ll|.  [■>],  [.Ij,  f(i),  |7),  [g|,  |U|,  |13|  and  [lU].  In  tliese  works,  tlie 
time  variation  of  the  electroiiiagiielir  fields  is  iiegiecled,  so  that  the  electric  state  of  It  is  governed 
by  a  single  secoitd-order  elliptic  partial  differeiitial  equation  of  eleciruslatics. 

V  •  oV  u  —  U. 


where  a  is  tbe  conductivity  and  u  is  the  electric  potential.  I'lie  data  in  the  static  |>cublem  is  tlie 
Dicichlet-to-Neuciianii  map  (or  its  inverse]  that  assigns  to  each  surface  potential  distribution  the 
corresi>ondiug  current  density  (or  vice  versa). 

In  |14],  we  study  tbe  full  set  of  Maxwell's  equatiuiis  that  govern  time-harmonic  electric  and 
magnetic  fields.  The  inverse  problem  llierefore  involves  three  uukliowu  roellicients.  \Vn  consider  llte 
cases  in  which  It  is  a  bounded  domain  in  K’ .  For  simplicity,  we  assume  that  It  has  a  C  boundary, 
i.e.,  each  point  of  the  boundary  dll  has  a  neighborhood  (/  such  that  UPfH  is  ( -isomurpliic  with 
the  upper  half  space  K’  =  {x  (x|.X],X])  |  Xj  >  0).  We  shall  consider  the  eiectroinagiielic  fields 
( E,  II )  in  (I  satisfying  frequency  domain  Maxwell's  equations 


V  A  1/  =  -fcuf  t'  y  oh 
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hi  n,  u  >  0  being  the  fixed  time  harmonic  frequency  of  the  fields.  The  magnetic  permeability  p, 
the  electric  permittivity  e  and  the  conductivity  <r  are  assumed  to  satisfy  the  following  regularity 
conditions  in  fi: 

fi,c.<r6C'(?T)nC'='(n),  (2) 

/!,£  >  0,«r>0 

Let  S'  denote  the  unit  normal  vector  on  the  surface  8Q  pointing  outwards  from  fi.  We  seek  to 
recover  the  unknown  functions  ii,  £  and  a  from  the  knowledge  of  the  surface  mapping 

\  u  \  ^Isn  V  //jan. 

Thus,  A  is  the  mapping  that  assigns  to  the  tangential  components  of  the  electric  field  at  the  bound¬ 
ary  the  tangential  components  of  the  corresponding  magnetic  field.  We  suggest  an  approximate 
constructive  procedure  to  recover  the  electromagnetic  parameters  f ,  /i  and  a  from  tlie  knowledge 
of  A.  The  method  is  similar  to  the  distorted  plane  wave  aprruximatioii  given  by  Caldcrdn.  As 
in  his  work,  this  approximate  linearization  scheme  is  expected  to  work  well  in  tlie  case  where  the 
electromagnetic  parameters  deviate  only  slightly  from  constant  values. 

Ill  the  following,  the  approximate  method  is  brielly  summarized. 

Assume  that  the  coefficient  functions  ji,e  and  a  can  be  written  as 


/i(i)  = /lo  +  £{r)  =  £„ -hkfa:),  o(i)  =  (Tu  +  itr(c), 

wlierc  Co,  Ha  arc  constants,  Cg,  po  >  d  and  Vg  ^  b,  and  the  perturbations  A;i,  bt  and  ba 

are  small.  Consider  first  the  constant  medium  equations 

V  A  t'o  = 


(:i) 


V  A  /f Q  —  —  tul£ g.bg  TlTgiSg. 


For  any  assume  that  we  can  always  find  a  pair  (A'u,  Ho)  and  ( AJ  .  f/g )  of  solutions  to  the 

system  (3)  with  the  following  prupetties:  (A'g.ifg)  and  ( Kg ,  ff J )  are  of  the  form 


K„(x)  =  at'< 


«,(x)  = 


(•1) 


and 

(5) 

ffj(x)  = 

forsomeo,  0,  (  and  a’ ,  0' ,  f  in  C’ ,  where  the  complex  wave  viTlors  satisfy  the  extra  roiiditimi 


<  +  (■=«• 

Next,  suppotie  that  the  complete  equations  (1)  have  a  solution  (K./f)  of  the  form 

K(x)  :=  Ko(i)  +  iK(i), 


«fx)=  Hg(*)+4«(X), 

75 


where  (EoiBo)  is  the  constant  medium  solution  (4),  and  SE  satishes  the  boundary  condition 

1/  A  4£(a:)l»n  =  0.  (G) 

and  what  is  more,  the  correction  terms  SE  and  SH  are  small  to  first  order  in  the  perturbations 
Sn,  Se  and  Sa,  denoted  as 

SE[x)  =  0(6tt,Se,Sa) 


SH(x)  =  0(Si>.,Sc,S<r). 
Then  a  straightforward  calculation  gives 


f  i^iE  A  //„•  -  f;;  A  ir)ds  /  v.(£:  a  //;  -  £j  a  i!)dx 
■'so  ■'n 

=  /  ((V  A  £)  «;  -  (V  A  Ho)  E  -  (V  A  £J  ,  H  +  (V  A  hye;  )dx 

=  [  -iijS'E-E^  i-  SnE-E^jdi 

•'ll 

=  /  (iuSnJlo-JI^ -- uuSiEq-Eq  SaEe-E^)dx  +  0{(6ii,St,6a)'‘), 

•'ft 


(T) 


the  notation  above  meaning  that  the  error  term  is  second  order  in  the  perturbations  Sti,  Sc  and 
Sa.  Using  the  derinitiou  of  the  fields  (4)-(ri)  together  with  the  boundary  condition  (C)  we  obtain 
from  (7)  the  formula 

d({)  -  f  ((t-  A  a)-0\  •<  '  +  Afp  A  ttf*<  •  •  )dS 

■'an 

=  I  (ttjiplf  if"  -  n.'*(n  <»"  +  A<t«  o’ )e'' "dr  +  0((A;r, it, Do )' ) 

■'n 


=  iwd  •  ti'Sfi  -  two  ■  a'^c  +  a  ■  a" So  +  0{[Su,it.So)^ ). 

the  hats  denoting  the  Fourier  transforms  of  the  corresponding  functions. 

The  approxiciate  lineariied  solution  of  the  iuverse  problem  is  obtained  by  tlie  following  steps: 

(i)  FYom  the  knowledge  of  A ,  compute  the  left  hand  side  of  formula  (b). 

(ii)  We  show  that  the  choice  of  the  complex  vectora  o,  d.  a’  and  I)'  is  not  unique  for  a  given 
pair  C,  (*  '  Therefore,  wc  can  solve  for  the  Fourier  trarufbrms  of  the  functions  >t  'i  and  Sc  +  iSaf  j 
in  terms  of  the  data  and  the  residual  term. 

(iii)  Apply  the  inverse  Fourier  transforui  to  these  iM)uations  to  get  an  approximate  solution  fur 
Sft  and  Sc  +  iFrr/w . 

The  crucial  point  that  inahes  the  sdiove  Unouiaalion  posaible  is  that  one  can  prove  estimalei  for 
the  error  term  that  is  due  to  the  second  order  residual  term  0{{Sii,St,Sa)^)  in  equation  (8).  The 
error  estimate  obtainod  in  [14]  for  the  recoosi  ruction  procedure  is  summarised  in  the  theorem  below. 
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In  tlic  following,  dcnouw  ii  sinoolh  inollilifr,  i.c.,  *>  £  supp  vi-  C  6  I  Iti  i  1)  «u>«l 

/  i’dx  =  I .  If  A'  >  0,  we  write  tlw(i)  =  We  denote  l>y  *  the  convolution  product  of 

fuiictionn,  i.e.,  /•s(c')  =  J  -  y)n(y)dy.  Under  the  Mtioothness  assumption  (2),  the  convolutions 
i/'/v  *6)1,  ti>^  *6c  and  it)n  *  6n  arc  reasonahle  approxiinalioiia  of  the  perturhations  6)i ,  it  and  ia 
if  A'  in  large. 

Theorem.  Assume  that 


IWIL  =  '•ui>W{*)l  =  “Up 


/ic  +  .^ 

V  0- 

ip/ 

is  small,  and  for  some  ly,  0  <  >;  <  1 ,  A/  is  a  large  number  of  the  order  ( 1  -  >/)  log(  1/ |1<,)||^  ) .  V'/len 
the  above  h'ncariaatiun  yields  an  *ppraxiiiiMiou  of  the  fuiictiou.s  v'ljv  •  ip,  t’jv  •  6c  and  d'\  •  io 
where  the  error  is  of  the  order  of  i/iagnilude  ||<?||^’  . 
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ABSTRACT 

Impedance  imaging  systems  ajjply  currents  to  the  surface  of  a  body,  im  asurc  the 
induced  voltages  on  the  surface,  and  from  this  infoimation  reconstruct  au  approximation 
to  the  electrical  impedance  in  tlie  interior  of  the  body.  This  pai)er  proposi'S  a  layer-r.tripping 
approach  to  solving  the  reconstruction  problem.  The  idea  is  to  first  find  tln^  impedance 
on  the  boundary,  and  then  use  this  information  to  “strip  away”  the  outermosl  layer.  Tlic 
process  is  ttieir  rciieated,  and  the  nrodiuni  is  stripped  away,  layer-by-layer. 


INTRODUCTION. 

Impedance  imaging  systems  apply  currents  to  the  surface  of  a  body,  measure  the 
voltages  on  the  surface,  and  from  this  information  reconstruct  au  approximatiuu  to  the 
electrical  impedance  in  the  interior  of  tho  body  [BfJ,  GIN).  Such  systems  have  a  variety  of 
possible  ajiplicatioiis.  The  irrst  is  in  medical  imagittg  [BD,  CINGSj.  This  arises  because  the 
electrical  conductivity  and  jiermittivity  of  different  organs  in  tho  body  are  diffc'reut  [SK],  so 
an  image  of  the  electrical  impedance  sliould  also  be  au  iiiuige  of  the  different  organs  in  the 
Ijody.  A  second  application  is  in  the  lundestructivc  testing  of  rtralerials.  For  example?,  a 
crack  in  a  iirelul  has  very  different  electrical  properties  from  those  of  the  .surrounding  metal. 
It  is  therefore  possible  to  locale  crocks  in  metals  with  uiijiedancc  imaging  systems  (ESIC). 
Other  possible  applications  are  multipl\a.se  fluid  flow  [XPB]  and  gieojihysical  prospei?tiug 
[P,  DL], 

The  problem  cau  be  fomiulal<;d  mathematically  as  follows.  We  denote  the-  electrical 
conductivity  by  a  and  the  permittivity  by  f.  Then  at  frequency  w,  the  admittivity  7  is 
defined  by 

7  ~  |7  -(•  five.  (1.1) 
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We  assume  [ICl]  that  the  electric  potential  u  satisfies  the  boundary  value  problem 

V  •  7Vu  =  0  inside  the  body  n  (1-2) 

7^  =  7  on  the  surface  Sfi  (1'3) 

ov 

For  existence  of  a  solution,  we  need  also  the  conservation  of  charge  condition 


To  obtain  a  unique  solution,  we  need  to  choose  a  ground  or  reference  potential.  This  can 
be  done  by  means  of  the  condition 

f  u=0.  [1.5) 

Joii 

We  may  make  any  boundary  measurements  we  like.  This  means  that  we  may  specify  any 
j  and  measure  the  corresponding  u  on  the  boundary.  The  restriction  of  u  to  the  boundary 
we  denote  by  u.  Equivalently,  wo  assume  that  we  can  obtain  fron>  me:isurcments  the  map 
R  that  takes  j  to  u.  We  call  this  map  the  resistive  map.  From  knowledge  of  the  map  R, 
we  would  like  to  find  7. 

Sylvester  and  Ulilmann  have  shown  [SU]  that  the  map  R  does  indeed  dcteriniive  7 
if  tl.i-  body  is  n-dimonsional  with  n  greater  than  two,  and  in  the  two-dimensional  case 
R  determines  7  juovided  that  7  is  close  to  a  coixstoiit.  Nachman  (N]  used  the  Sylvcstcr- 
Uhlmann  ideas  to  d  velop  a  constructive  method  for  determining  7  from  R.  This  method, 
however,  has  yet  to  he  implemented  numerically. 

Most  of  the  methods  that  have  actually  mode  imagc.s  have  been  of  two  kinds,  tliose 
based  on  linearization  and  those  based  on  optimization.  One  tyjjc  of  method  based  on 
linearization  is  the  backprojcction  method  [BB,  SV],  which  is  essentially  an  approximate 
solution  of  the  liueaiized  problem.  Another  approacli  to  the  linearized  problem  is  to  convert 
it  to  a  moment  problem  [CW,  BAG,  AS].  Detailed  analyses  of  the  linearized  problem  are 
given  in  [IC2|  and  (AS);  limitations  of  the  linear  theory  arc  discussed  in  [11]  and  [ClI],  which 
give  exact  solutions  of  the  linearized  problem.  Examples  of  the  optimization  approach  are 
ICINGS,  KM,  YWT).  In  this  pairer,  however,  we  pursue  a  difierent  method  ([CIl,  CI2]) 
that  has  its  roots  in  invariant  imt)cddiiig  [CDK,  CoK,  ChK). 

2.  THE  METHOD 

First,  we  derive  a  foritrula  that  allows  us  to  compute  the  resistive  map  in  the  interior 
•fi'om  boundary  data.  We  then  outline  the  layer-stripping  algorithm.  Section  3  contains  mi 
explanation  of  the  other  key  idea  needed. 

For  simplicity,  we  will  assume  throughout  that  the  body  fi  is  a  disk  of  radius  r.  Our 
layer-stri])ping  algoritlun  is  based  on  understanding  how  the  resistive  map  R  rhniiges  a.s  r 
changes.  Below,  we  obtain  a  formula  for  the  derivative  dRIOr. 

We  begin  by  extending  the  definition  of  R  to  all  r; 

/i(.)[7(r,  9)  fl).  (2.1) 
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VVe  then  cliffeientiatc  (2.1)  with  respect  to  f. 


dR{r) 

dr 


.du  n/  ^  5  dti 


(2.2) 


In  the  second  term  of  (2.2),  W(5  use  the  differential  equation  (1.2),  written  in  polar  coordi- 

tmtes:  „  „  „  „  „ 

d'du  'I  du  \  d  .  du 


Finally,  wc  iiuiltioly  the  resulting  equation  by  j,  use  definition  (2.1),  iind  extract  the 
operator  c(]uation 


d^,J 

dr 


1  ,  /?(r)  i?(r)  5  „,c)iJ(r] 


(2.4) 


Tltis  formula  sugge.st.s  the  following  algorithiu  for  solving  the  inverse  problem.  \V(-  call 
it  a  “layer-stripping’’  algorithm  because  it  essentially  works  by  stripping  away  the  medium, 
one  layer  at  a  time.  The  admittivity  of  each  layer  is  fomul  Ix^fore  it  i.s  strijqied  away. 

1)  Make  mea.surements  fffi'i,)  on  the  boundary  of  the  body. 

2)  Find  -y  on  the  bouiulary  at  j'u. 

3)  Make  a  finite  (lilferenee  approxiiu.ition  to  th<'  layei-striiqriug  formula  (2.4):  for 
.some  small  A,  wrili' 

;f(r„- A) -./?{,«) -A~.  (2.5) 

4) .  Replace  cg  l.>y  ?■(,  -  A  and  repeal,  starting  with  step  2. 

To  complete  the  diseus:sion  of  this  aigorithm,  we  neetl  to  show  how  to  do  step  2). 


3.  HOW  TO  GET  7  ON  THE  UOUNDAUY 

There  are  a  numla'r  of  ways  to  find  7  on  llie  boundary  from  77.  For  extunple,  it 
was  shown  rigorously  by  Kohn  and  Vogelius  (KV|  and  Sylvester  and  Uldmmm  |SUj  that 
7  ami  ill]  its  derivatives  on  the  boundary  can  be  obtained  from  boundary  ineasuremtmts. 
Kohn  and  Vogelius  did  this  by  iipplying  ioealized,  highly  oscillatory  boundary  data.  Such 
boundary  data  is  in.sensitive  to  variations  in  7  far  from  the  boundary  (.sec  also  (IJ).  Tiiis 
is  essentiidly  equivalent  to  the  leehnicpu'  tise<l  by  Sylvester  and  Uldinaun,  whicli  was  ' 
obtain  an  asyinptotie  <  [liuisiou  of  llie  Ixiuiulaiy  nnip  77”'. 

Here  we  give  a  form.il  description  of  how  one  may  is'cover  7  from  the  .singular  behavior 
of  the  kernel  of  the  map  77.  First  wo  see  that  this  kerm’l  i.s  the  Green’.s  fimctioii  (7  dcHned 
by  tlie  following  bouiuliuy  value  problem. 


V  ■  ■)V('r  -  -d  in  il 

(3.1) 

(3.2) 

[  G-  0. 

(3.3) 

flSI 


8i 


To  see  liow  G  and  R  arc  related,  we  multiply  (3.i;  v'  u,  multiply  (I  *’)  l;y  G,  sub 
and  integrate  over  Q.  This  gives  ns 


(GV  ■  7V«  —  uV  •  ■yS7G)  — 

1 

where  x  is  in  Q.  Using  and  the  divergence  theorem,  we  obtain 

f  du  OG 

/  - a7-T-)  =  "(*)■ 

Jon  du  du 

The  first  tenn  of  (3.5),  however,  vanhshes  by  (3.2)  and  (1.5).  ThLs  leaves 

u(x)  =  /  G(.T,y)j(i,)dy, 

Jon 

which  shows  that  for  x  and  y  on  OQ,  G(x,  y)  must  be  the  kruncl  of  R. 

The  leading  order  singularity  of  G  ran  be  understood  by  writing  (3.1)  as 

7V^G  +  V7- VG  =  -6. 

Thus  a  paiainetrix  (G,  SU]  for  (3.7)  is  Go,  which  satisllos 

7V'^Go  =  -6, 

whicli,  in  the  case  when  ft  is  a  disk,  can  he  found  exjdicitly: 


Go(x,  y)  =  const 


■og  I  X  -  1/  I 

7(x) 


Thus  G  can  be  written 


G(x,y)  =:  cons!.— d  (smoother  stuff). 


7(x) 


This  allows  us  to  recover  7  as 


7(x)=llmconst.i^^iii^ 


(3.4) 


(3.5) 


(3  3) 


(3.7) 


(3.8) 


(3.9) 


(3.10) 


(3.11) 


4.  CONCLUSIONS 

The  layer-stripping  algorithm  has  a.  number  of  possible  advaIllag<^s  over  the  airprox 
iinate  linearizations  and  iterative  methods  that  have  been  tried  so  far.  First,  it  has  no 
difficulty  with  exticuicous  local  minima  as  do  optimization-tyf)c  inctliods.  Socoinl,  in  prin¬ 
ciple  at  least,  it  solves  the  full  ironlinoar  problem.  Third,  the  ilLprrsediiess  of  the  problem 
appears  in  an  explicit,  isolated  way.  Fourth,  it  requires  fewer  computations  (order  I/, 
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where  L  is  the  number  of  electrodes)  nhan  realistic  optimization- type  methods,  which  typ¬ 
ically  require  order  operations.  Fifth,  it  requires  less  storage  (the  matrices  are  L  y.  L) 
than  optimization-type  methods,  which  involve  matrices  of  size  x  , 

The  chief  difficulty,  of  course,  stems  from  the  fact  that  the  inverse  problem  is  ill-posed: 
large  changes  in  the  admittivity  can  correspond  to  very  small  changes  in  the  boundaiy 
measurements.  This  ill-posedncss  appears  in  the  above  algorithm  as  instability;  the  recon¬ 
structed  admittivity  tends  to  oscillate  wildly,  and  some  sort  of  regularization  is  necessary. 
This  is  not  discussed  here. 

Below  we  show  results  of  reconstructions  made  with  this  method.  The  following 
figures  show  rotationally  invariant  conductivity  distributions  and  reconstructions  made 
from  simulated  data. 
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Figure  1.  The  solid  line  denotes  the  true  conductivity  distribution.  For  this  con¬ 
ductivity  distribution,  the  boundary  map  R  was  comi>utcd  analytically.  This  data  was 
then  fed  into  the  layer-stripping  reconstruction  algorithm  described  above.  The  ro.sulting 
conductivity  is  plotted  as  a  dotted  line. 
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Figure  2.  This  shows  the  same  c.oiiductivity  distribution  us  in  Fig.  1.  Again  the 
boundary  data  was  computed  luialytically,  but  thi.s  time  .01%  noise  was  added.  Tlie 
recoustructiou  is  idotted  with  a  dotted  lino. 
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ABSTRACT 

Electric  current  computed  tomography  (ECCT)  systems  apply  electric  currents  to  the 
exterior  of  a  body  and  measure  the  voltages  that  result  on  the  body’s  surface.  Using  these 
measurements  as  data,  these  systems  make  rmd  display  reconslmetloiis  of  the  electrical 
conductivity  and  permittivity  inside  the  body. 

We  will  discuss  a  simple  mathematical  model  for  this  problem.  We  then  show  how 
mathematical  considerations  can  improve  the  design  of  the  duta-collcction  aspect  of  ECCT 
systems.  Finally,  we  describe  a  reconstruction  algorithm  that  computes  approxiinalions  to 
the  electrical  conductivity  and  permittivity  inside  the  body.  We  will  also  inescnt  images 
made  with  this  algorithm. 


There  are  many  situations  in  which  one  would  like  to  know  the  cdcctrical  conductivity 
and  permittivity  inside  a  body  from  measurements  made  on  the  body’s  surface.  Such 
information  is  useful,  for  example,  for  the  detection  of  cracks  or  flaws  in  metals  [ESlCj. 
The  ability  to  obtain  such  information  about  the  interior  of  a  human  body  could  lead  to 
the  design  of  better  electrocardiographs  and  defibrillators  (CF,  IC].  The  ability  to  image 
the  electrical  properties  of  material  flowing  in  a  pipe  could  lead  to  a  better  understanding 
of  multiphase  fluid  flow  (XPBj. 

At  present,  there  is  only  one  commercial  system  that  images  the  conductivity  inside 
the  human  body.  This  is  the  Applied  Potential  Tomography  (APT)  system  invented  by 
David  Barber  and  Brian  Brown  [BB].  This  pioneering  system  uses  sixten  electrodes  iduced 
around  the  circumference  of  the  body.  First  a  pair  of  electrodes  is  connected  to  a  current 
source,  so  tliat  current  flows  in  through  one  electiode  and  out  through  the  adjacent  elec¬ 
trode.  These  two  electrodes  arc  the  “driver  pair’’.  Wliile  cunent  is  flowing  through  tliesc 
two  electrodes,  the  voltages  at  all  tlic  other  electrodes  arc  measured.  Tlicn  tlie  current 
.source  is  connected  to  the  next  pair  of  electrodes  (a  new  driver  pair)  mid  the  voltages 
measured  on  all  the  otlicrs.  This  process  is  reiicatcd  until  all  iiairs  of  adjacent  eiucliodes 
have  .served  as  driver  pair.  Tliis  data  is  tlicn  fed  into  a  reconstruction  algoiilinu  based  on 
backprojoction,  and  a  low  resolution  image  is  obtained  of  conductivity  clianges  inside  the 
body. 

One  way  to  improve  this  system  would  be  to  improve  its  resolution.  How  can  tliis  be 
done?  A  naive  guess  would  be  to  use  more  elcltodcs.  We  can  sec  whctlicr  this  will  work 
by  studying  the  following  mathematical  model. 


First  we  describe  a  model  for  the  propagation  of  electromagnetic  fields  in  the  body. 
Such  a  model  can  be  obtained  from  Maxwell’s  equations  as  follows.  Maxwell’s  equations 
are 


VA£:  =  -a,i?  (1) 

V  A  ff  =  J  +  a,D  (2) 

V-iJ  =  0  (3) 

v-i)  =  p,  (4) 

and  we  assume  constitutive  relations  of  the  form 

D^e{E,H)  (5) 

0  =  ,i(H,E)  (6) 

(7) 


Here  E  is  the  electric  field,  B  the  magnetic  field,  p  the  charge  density,  J  the  current  density, 
e  the  electric  permittivity,  p  the  magnetic  permeability,  and  a  the  conductivity. 

In  our  experiments,  we  will  apply  current  densities  to  the  boundary  of  the  form 


^source  ^  jsourcc^^j ^  .Re{  (S) 

We  therefore  look  for  solutions  E  and  D  of  the  form  E(x)c'“‘  and  fJ(i)e‘"‘.  Equntion.s 
(1)  and  (2)  arc  then 

V  A  £  =  -iu}B  (0) 

V  Mi  =  J  ->riwD.  (10) 

Since  the  currents  applied  are  small,  we  assume  that  the  linear  constitutive  relations 
D  =  e(i,w)£,  E  s=  fi{x,u))H,  J  =  o{x,w)E  hold  imside  the  body.  In  living  tissue,  the 
electric  permittivity  ,  the  magnetic  permeability  /«,  and  the  conductivity  cr  arc  frequency- 
dependent.  However,  the  magnetic  permeability  /i  is  very  small.  If  we  are  interested  in 
biological  applications,  we  can  therefore  simplify  Maxwell’s  equations  by  expanding  all 
quantities  about  /r  =  0  as 

E  —  Eo  +  pEi  E'i  +  •  ■  •  (11) 

H  =  So  +  pBi  D2  (12) 

Substituting  these  expansions  into  the  preceding  two  equations  (9)  and  (10)  yields 


VAjBo=0.  (13) 

Since  from  (3),  we  also  have 

V-Ho=0,  (14) 

we  conclude  that  Bo  =  0.  This,  in  turn,  when  substituted  together  with  (11)  and  (12)  into 
(9),  gives  us 

Va£o  =  0.  (10) 
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'‘rin*  /iTD-ortlcr  (’IrrJrii'  E{]  is  th'T«*f(in‘  thi*  ^rudirul  of  a  fiinrtion  «  which  wi-  rail  tlu* 

ch-ct rlt‘  pnvfiitial: 

Eu^-Vn,  (IG) 

iJi'cutu.<‘  th<‘  diviT^^ciK'c  of  u  ciirl  is  z<to,  wc  huvr  from  (10),  (5)  ami  (7)  that 

V  ■  |r7(.r,^')  -1-  =0.  (17) 

I'sin^  (11)  and  ( IG)  in  ( 17),  \vr  olit ain 

V  ■  4-  (1  ( ^8) 

for  tin-  i’lci'trii-  jMitf'ntial  tin*  hndy  \l.  WV  will  iis<'  tin*  h*tt»T  “y  f<n  tin*  admit t ivily: 

rr  4  t . 


Next  wc  drSi’i iln-  tin*  :i] ipi oxmnn  imis  \vr  iim*  to  dotniuiin'  <*h*r(ri«‘  fi«  his  on  tin*  hody’s 
Miihur.  Ill  piaftirc.  •■'pj'ly  in  rl«M  t!«Mlrs  on  tin*  ‘^lufaro  of  tin*  Innly.  Thrsf 

cuni-.iN  pvodnri'  a  ciiin  iit  density  nil  tin*  sni  farr  wIiom-  iiiwanl  |>niiitiii|«  normal »  ompoMeiit 
i.s  di'iiotetl  ))V  ) .  d  Inis 

<)u 

-  /  on  ( 10) 

Or 

In  this  pa]>ri  'vi*  tahe  /  to  la*  >:,i\en  liy 


h/Ai  on  rlectunlr  j  y,  /  1,2.  ••,7, 

/ 

d  olf  ^  ( i, 

I  I 


(lid) 


wlii’M’  //  is  the  niiri'Ut  s<'id  to  tin*  ith  <'le<*trode  aud  /l|  U  tin*  urea  of  the  /t.)i  electroih'. 
This  model  for  the  lumiulary  (<mditioiis  we  call  tin*  “RUp"  model.  Other,  nmie  n  alislie 
models  for  the  honudarv  <•( iii<lt inns  an*  (hs«-u.ssed  in  ICl.NC). 

If  <*mTenf  s  /  .  (/ 1  ,■■•.//  1  life  H'lit  t  o  { lee  1 1  odes  <  | » *  *  * »  O.*  '“‘‘I  ^  <‘onespondijiR 

volt jjRes  \ '  ( 1  I .  ■  • .  1  */  )  are  ni<*asni ed,  then  1  *  Jind  /  a:e  lelat eil  l»y 


r  iU, 


m) 


where  ]i  is  an  L  L  lualrix  called  tin*  resistance*  map.  To  stinly  the  qiiestioji  of  vvln’thei 
nioi  e  I'h-ctroties  will  improve  the  ie>’olution  (dan  inip<*daiice  iniaRin^; system,  we  introduce  u 
(|uanl  itjitice  un  asni<*  of  a  cm  lent  den.sit  y’s  uhility  to  distiuRnish  Iwti  dilferenl  admittivities 
")  and  r.  We  deliiii*  |I,  CiINl|  the  '‘distinRni.Nlial.nlity"  A  of  7  from  r  In*  a  cmrent  dtnsity  j 
tt)  be 

f>{j]  ^  - 

wheie  E[‘t)j  (h’noti‘.>  the  electric  potential  or  voUuRe  on  Oil  i<*snltinR  from  the  ajipliciititm 
of  the  cmrent  density  j  to  a  body  containiuR  the  a<lniiltivity  distrilnition  7.  The  norm 


-  mr)j\\ 

iiyii 
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is,  say,  the  L^{OU)  luirin  [Cl],  The  (iistinguishiibiliiy  of  7  from  r  l>y  j  is  just  a  iioniiaiizcd 
iiK  ii-siut'  of  the  diffcuciucc  in  the  voltages  (or  .signals)  that  would  result,  from  the  iipplictition 
of  j  to  the  tws)  diffinriit  adulittivity  <llsti'ihntious  7  mid  r.  This  difference  must  he  larger 
than  the  sinallcst  voltage  difference  our  system  cmi  detect  in  order  for  js  to  he  able  to 
distinguish  from  r  by  j .  We  sec  from  the  following  theorem  [GINl]  that  as  the  number 
L  of  elcC  I's  increases,  the  distinguishability  decreases  if  one  ai»plic.s  current  only  on  a 
finite  mill.  of  electrodes.  Ilcin  we  assume  that  all  L  electrodes  have  the  same  size;  since 
they  must  all  fit  011  the  same  body,  th'-ir  size  A  must  decrease  as  L  increases  to  infinity. 

Theorem.  Suppose  there  are  eonst.aut.s  <7_  and  (7+  such  that  0  <  r7_  <  cr  <  muJ 
.sii;)/)oae  dU  is  .smooth.  If  denote.s  the  cnrreiif  density  from  a  finite  ijumher  of 

i  iirrent  generatoi-.s  ajipiied  to  L  electrodes,  then 

llin  5(y7,„,,c)  =  0. 

L—*oo 


This  result  suggests  that  in  order  to  improve  resolution  by  increasing  the  number  of 
electrodes,  one  should  apply  current  to  all  the  electrodes.  This,  in  turn,  raises  the  cpiostiou 
of  which  i):ittcru.s  of  current  arc  best  to  use.  Thc.se  best  current  patterns  are  describctl  in 
[I,  GINl).  To  test  those  ideas,  our  group  at  Uensselaer  lia-s  designed  and  built  an  Adaptive 
Current  Tomography  (ACT)  system  [NGI,  GIN2).  This  system  applu's  currents  through  all 
of  the  32  or  04  electrodes  attaclicd  to  the  surface  of  the  body  and  measures  the  resulting 
voltages.  It  uses  these  electrical  measurements  to  reconstruct  and  display  approximate 
pictures  of  the  electrical  conductivity  and  permittivity  iusidc  the  body.  The  reconstruction 
is  made  by  the  following  process.  For  simplicity,  we  discuss  only  the  reconstruction  of  the 
conductivity;  the  reconstruction  of  the  permittivity  is  similar.  Rather  than  recon.strncting 
the  conductivity,  in  fa<  i,  wc  roconslnict  the  resistivity  p,  which  is  the  rcciproeal  of  the 
condr.etivily. 

From  ii  finite  number  of  measuremouts,  we  can  only  hope  to  obtain  a  finite  numlior 
of  values  of  the  resistivity.  Wc  assume  that  the  rcsisitivity  is  a  piecewi.se  constant  of  the 
following  form:  at  a  iioinl  p  in  the  body, 

N 

p{p) -'^P'>X«(p),  (24) 

11=1 


wliere  x„  is  the  characteristic  function  that  is  one  for  p  contained  in  tire  iitli  mc.sh  clenreut 
and  zero  otherwise.  Mos'  f  our  reconstructions  arc  done  on  a  niesli  with  N  =  490  = 
32x31/2  elements.  Tins  is  the  maximum  number  of  degrees  of  freedom  obtainable  from  a 
32-eleclrode  system. 

G  a  rcsisitivity  of  the  form  (24),  wc  could  solve  (18)  with  boundary  data  given 
by  (20),  w.icre  f*  is  one  of  L-1  current  patterns.  Tire  corresponding  voltages  measured  at 
the  electrodes  we  denote  by 

■  ■  ,Pn)  -  (Uiipu  -  •  ■  iI’n),  -  ■■  -  ■  ,Pn))-  (25) 
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Our  j/oal  is  to  find  p\  ,  ■  ■  ■  ^PN  ^o  that 


where  denotes  the  vector  of  measured  voUases* 
Wg  do  this  by  considering  the  functional 


(20) 


L-l  L-1  L 

E(p> ,  •  •  ■  .Pn)  -  E  l|t^"(p)  -  >^‘11"  =  L  '£iUt(p„)  -  (2V) 

t-i  «.-)  1=1 

To  minimize  this  functional,  we  differentiate  witii  respect  to  each  variable  p„  and  set  each 
derivative  equal  to  zero.  This  gives  us  the  system  of  N  equations 


0  = 


dp„ 


t-l  L 


r=i  i=\ 


y,.0UHp) 

‘  ’  dpn  ■ 


(28) 


A  standard  method  for  solving  such  a  system  of  nonlinear  equations  is  Newton’s 
method.  Our  algorithm  [CINSGJ  does  one  Newton  iteration  and  displays  the  result.  Be¬ 
cause  this  algorithm  takes  only  one  step,  it  never  has  to  solve  the  variable-cocfRcicnt  version 
of  (18).  Thus  finite  difference  or  finite  element  methods  arc  not  needed.  Clearly,  the  al¬ 
gorithm  does  not  actually  give  us  f.  solution  of  (26),  but  it  yields  useful  images.  Some  of 
these  images  are  exhibited  iu  llie  f.  vures  below. 


1 


\ 


Figure  1.  This  shows  images  made  of  insulators  in  a  test  tank.  The  tank  has  a 
diameter  of  30cm  and  is  filled  with  a  saline  solutio  ;.  Each  teflon  insulator  is  22min  in 
diameter.  Th*^  '-st  two  rows  are  drawings  of  what  is  actually  in  the  tank:  the  insulators 
are  placed  3,  v,  d,  12,  15,  18,  21,  and  25  cm  aprirt,  rosiicctively.  The  second  two  rows  arc 
reconstruction!  made  by  the  algorithm  described  in  the  text.  Each  image  is  scaled  so  that 
the  minimum  conductivity  is  white  and  the  maximum  is  black. 
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Figure  2.  Tliis  shows  images  of  tlie  interior  of  the  chest  of  a  human  volunteer. 
Thirty-two  karaya  gum  electrodes  were  place  around  the  chest  at  the  level  of  the  seventh 
thoracic  vertebra  (T7).  The  bottom  right  picture  i.s  a  drawing  of  the  interior  of  a  human 
chest  at  level  T7.  Note  the  locations  of  the  lungs.  The  top  left  image  is  a  reconstruction  at 
complete  expiration.  The  top  right  image  is  a  reconstruction  with  1500  ml  of  iniialed  air. 
Note  the  decrease  in  conductivity  in  the  region  of  the  lungs.  Also  visible  in  both  pictures  is 
a  circumferential  layer  cf  low  conductivity.  This  presumably  represents  skin  and  fat,  whicli 
have  low  conductivity.  The  light  spots  at  the  bottom  of  each  image  may  be  ribs  passing 
through  the  image  plane.  The  image  on  the  bottom  loft  is  a  difference  image,  obtained  by 
subtracting  the  top  left  image  from  the  top  right  one.  Features  that  are  the  same  in  both 
top  images  cancel  out  in  this  process,  and  only  features  that  arc  different  remain.  This 
difference  image  shows  conductivity  changes  in  the  lung  regions  as  the  lungs  inflate. 
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USE  OF  ELECreiCAL  IMPEDANCE  IMAGIN3  IN  TOCrPHASE,  GAS-LIQUID  FLOWS 
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ABanucT 

The  determination  of  interfacial  area  density  in  two-phase,  gas-liquid 
flows  is  one  of  the  major  elements  inpedinq  significant  de\^lojmBnt  of 
predictive  tools  based  on  the  two-fluid  model.  Clinently,  these  models 
require  coupling  of  liquid  aixl  vapor  at  interfaces  using  constitutive  equa¬ 
tions  which  do  not  exist  in  any  but  the  t.iost  rudimentary  form.  Work 
de.scribed  herein  represents  the  first  step  towards  the  development  of  elec¬ 
trical  in^iedance  con^Mted  tomography  (EICT)  for  nonintrusive  determination 
of  intertacial  structure  and  evolution  in  two-phase,  gas-liquid  flows. 

Ihis  paper  suitrarizes  the  work  acconpiished  to  date  towards  tlie 
development  of  electrical  inipedance  Inaglng  methtxis  for  use  in  two-phase, 
gas-liquid  flows.  Iho  basis  for  the  method  is  presented  and  algorithms  for 
Inplementation  are  described.  Both  Gauss  elimination  and  modified  Jacobi 
conjugate  gradient  methods  are  used  for  matrix  inversion  to  calculate  the 
electrical  field  from  a  given  complex  conductivity  distribution  and  known 
distribution  nf  applied  current.  Results  of  numerical  simulations  and  the 
first,  non-iterative  real  images  are  encouraging. 

It  is  felt  that  tanographlc  methods  such  as  described  herein  will  at  the 
least  provide  rapid,  nonintrusive  area-averaged  gas  volume  fraction  and 
volume  fraction  profiles  within  a  cross  section,  and  at  best  yield  defini¬ 
tive  data  on  Interfacial  area  density,  interfacial  structure,  and  evolution, 
and  interfacial  motions. 

ufinauCTiaN 

Virtually  all  present  nethods  of  predicting  two-pJiase,  gas-liquid  flow 
behavior  for  design,  optimization,  and  safety  analyses  use  conputer-based, 
two-fluid  models  where  field  equations  are  written  for  each  phase  separately 
describing  the  conservation  of  mass,  momentum,  and  energy.  The  two-fluid 
model  is  generally  constructed  fay  considering  separately  (usually  with  seme 
degree  of  spatial  and  tenporal  averaging  to  eliminate  phasic  fluctuation 
effects)  the  field  equations  for  the  phases,  closure  is  obtained  by  using 
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appreciate  constitutive  equations  to  describe  interactions  at  phase 
bonudaries— both  solid  and  fluid. 

Reasonable  descriptions  are  currently  in  hand  for  steady-state  fluid- 
solid  boundary  interactions  because  of  their  representation  in  tenns  of 
global  behavior  vrtiich  is  readily  measured.  Nothing  of  practical  value  is 
known  in  general  about  fluid-fluid  boundary  interactions  except  in  the  most 
siitple  of  cases  involving  fixed  geanetric  elements  such  as  pleunes  or 
spheres.  'Itils  is  because  of  a  conplebe  lack  of  measurement  ability  relative 
to  conplex  interfacial  interactions. 

Description  of  interfcicial  structure  and  evolution,  as  well  as  the 
gradients  which  control  transfer  of  mass,  momentum,  and  energy  at  these 
phase  boundaries  is  the  single  most  Important  key  element  and  the  challenge 
for  the  future  of  two-phase  flow  analysis.  Indeed,  msasurement  and  predic¬ 
tion  of  phase  boundary  structure  and  gradients  at  these  boundaries  is  one  of 
the  major  factors  inpeding  davelcc^ht  of  true  predictive  capability  for 
systems  involving  flows  of  liquid  and  vapor  or  gas  mixtures. 

Ohere  are  no  methods  available  today  which  allow  deteminatlon  of  inter¬ 
facial  structure  and  evolution  in  any  but  the  most  simplistic  cases.  It  is 
the  purpose  of  this  paper  to  describe  a  concept  v^ch  appears  to  hold 
premise  for  determining  the  distribution  and  evolution  of  interfacial  area 
density  in  tvw-phase,  gas-liquid  flows. 

BAOtOCUU 

Dqpactance  o£  Interfacial  Area  Density 

On  a  fundamental  level,  it  can  be  shewn  that  phase  cliange  is  the  result 
of  a  combined  effect  of  interfacial  area  and  its  evolution,  and  the  poten¬ 
tial  gradient  normal  to  the  interface  which  leads  to  energy  transfer.  Both 
are  expec-ted  to  change  with  time  and  both  are  equally  iiiportant  in  the  de¬ 
termination  of  the  rate  of  phase  change  per  unit  volume  in  liquid-vapor 
flows.  Ihus,  both  the  potential  and  the  interfacial  area  density  must  b©  ac¬ 
curately  specified  In  order  to  correctly  specify  the  yhase  change  rates.  In 
addition,  it  can  be  stated  a  priori  that  the  distribution  of  the  Interfacial 
structure  (traditionally  termed  the  flow  regime)  is  intimetaly  involved  wlUt 
the  processes  which  affect  evolution.  At  present,  there  are  no  methods  to 
either  accurately  predict  or  meas'ore  interfacial  structure  in  liquid-vapor 
flows. 

Maasureaant  ItechnlqueB 

Ihere  are  no  methods  which  exist  to  date  which  have  proven  to  be  adequate 
for  general  measurement  of  Interfacial  area  density  in  two-phase,  gas-liquid 
flows.  Ihere  are  no  methods  known  for  the  maasureroent  of  interfacial  area 
density  in  any  other  field  which  can  be  adapted  to  measurements  in  gas- 
liquid  flowing  systems.  Traditional  two-phase  msasurement  techniques  have 
been  suititHrized  in  various  papers,  monographs  and  synfxjsium  voluaes  [e.g., 
Jones  and  Delliaye,  1976;  Hewitt,  1978;  Banerjee  and  Lahey,  1981;  and 
Hetsrottl,  1982].  t4any  different  pi;yslcal  principles  have  been  applied  In 
making  local  measurenents.  Including  the  use  of  impedance,  optical,  iTiecliani- 
cal,  thermal,  and  electro-chemical  techniques.  Iheee  have  been  eidequately 
discussed  elsewhere  and  will  not  be  reiterated  herein.  While  seme  methods 
are  well  developed,  most  others  ore  based  on  ad  hoc  application  with  little 
understanding  and  application  of  the  actual  physical  mechanisms  involved. 
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Moreover,  meet  techniqucis  are  intrusive  and  in  some  cases  can  substantially 
affect  the  flows,  esspecially  in  itetastable  situations. 

Light  scattering,  chemical,  photographic,  and  interfacial  velocity 
measurement  ttethods  have  been  proposed  and/or  utilized  to  obtain  Interfaclal 
area  density.  Itte  light  scattering  method  can  be  used  only  in  pre-callbratad 
conditions  where  the  flow  field  is  a  dilute  suspension  of  one  phase  hemo- 
geneously  dispersed  in  the  other.  Chemical  methods  actually  determine  the 
integral  effect  of  the  product  between  potential  gradient  and  interfaclal 
area  and  can  provide  no  definitive  information  on  local  interfaclal  area 
density  or  evolution.  Photographic  methods  are  also  applicable  only  to 
dilute  suspensions  of  generally  spherical  elenents.  At  this  time,  measure¬ 
ment  of  Inttrfacial  velocities  Itself  is  extremely  difficult  in  all  but  tl»e 
most  slJiple .  low-speed  systems  and  has  not  been  utilized  for  direct 
determination  of  interfaclal  area  density. 

Electrical  liqpedanoe  □c^xitad  Taangcaiihy 

Research  in  the  development  of  Eicr  has  been  undertaken  in  the  geological 
area  [c.f.  Dynes  and  Lytle,  1981]  and  in  the  biomedical  field  (c.f.  Seagar, 
Barber,  and  Brown,  1987 ] .  Most  methods  have  used  the  resistive  field  because 
the  resistivities  of  relevant  naterials  are  low.  To  date,  the  best  of  appli¬ 
cations  applied  to  real  systems  produce  a  very  fuzzy  planar  "picture"  of 
resistivity  or  permittivity  variations  but  the  results  are  encouraging. 

Most  EICT  methods  Ccui  be  classified  by  the  number  of  poles  used  to  make  a 
single  measurement,  and  the  nethod  of  excitation.  TWo-pole  methods  use  only 
two  electrodes  Tor  both  excitation  and  measurement  t^wioas  four-pole  methods 
separate  excitation  electrodes  from  these  used  for  measurement,  the  maasure- 
mant  generally  being  a  potential  difference.  Seme  feel  that  the  four-pole 
method  eliminates  errors  due  to  contact  resistance  at  excitation  electrodes, 
but  this  is  not  clearly  a  benefit  [Newall  et  al.,  1988,  1969]. 

Price  [1979],  although  unsuccessful,  appears  to  have  been  the  firet  In 
ttKi  biomedical  field  bo  attempt  obtaining  Inpedance  tomographs  using  the 
three-pole  method  but  his  reported  work  failed.  Ills  suggestion  of  the  use  of 
"guarding"  methods  was  followed  by  others,  all  of  v4icm  were  unsuccessful 
[Bates  et  al.,  1960;  Schneider,  1981;  Seagar  ep  1987].  Furthermore,  in 
tha  ttiree-pole  method,  small  voltage  differences  are  obtained  by  subtracting 
the  measured  voltages  leadit>g  to  substantial  errors  [Smith,  1985]. 

Contact  iitpedance  was  minimized  by  Barber  gp  [1983]  using  a  two-pole 
method  and  hlgh-ispedatKe  maasuraaient  methods,  but  results  were  quite 
blurred.  TWo-pole  methods  were  also  used  with  little  success  by  Dynes  and 
Lytle  [1981]  ^UKl  by  Starzyk  and  Dal  [1985]. 

Sea^  S£  [1984]  contend  that  the  blurring  of  two-dimensional  results 
In  a  continuously  variable  conservative  field  is  due  to  nonzero  effective 
wave  number  (infinite  wave  lei>gth]  of  the  applied  signal.  They  show, 
however,  that  successful  reconstructions  can  be  rowle  for  certain  classes  of 
piecewise  constant  media  (similar  to  two-phase  systems),  and  that  the 
process  Is  relatively  shiple  when  the  discrete  zones  are  circular  in  shape. 

Thera  can  be  orders  of  nagnitude  differanoes  between  the  sensitivity  of  a 
given  boundary  measurement  to  a  fixed  size  body  depending  on  Its  location. 
Simlleur  orders  difference  can  thus  occur  in  the  eigenvalues  of  the  solution 
matrix  thereby  maJeing  the  inversion  problem  severely  Ill-posed  eutd  difficult 
to  solve  [Tarassenko  and  Rolph,  1984;  Mural  aikd  Kagawa,  1985,  1986].  In 
spite  of  111  conditioning,  good  results  were  obtained  by  Mexler  [1985]  uslirg 
a  four-pole  potential  method  with  real  denain  reconstructions  even  whore 
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there  were  widely  varying  conduct  ivities  in  on  overall  conducting  nedium— 
i.e.,  metal  and  plastic  shapes  in  a  conducting  water  field. 

Isaacson  Oiid  coworkers  [Isaacson,  1986;  Isaacson  and  Cheney,  1989; 
Gisser,  Isaacson,  aird  Newell,  1987]  described  a  iiethod  to  estimate  the  con¬ 
ditions  necessary  to  distinguish  a  homogeneous  cylindrical  body  of  one  size, 
centered  in  a  cylinder  of  a  larger  size  wiUi  the  region  between  the  two  also 
of  homogeneous  electrical  field  structure.  This  was  followed  by  tiJoi  et  al. 
[1989]  who  also  provided  methods  of  estimating  the  degree  of  accuracy  to  be 
obtainud  with  digital  conversion  of  data. 

Barber  and  Brown  [1984,  198b]  developed  an  iterative  back-projection 
iietliod  based  on  linearization  around  a  constant  conductivity.  This  method 
was  subsequently  improved  upon  by  Santo.sa  and  Vogel  ins  [1988]  but  with  mixed 
results.  Heck  and  his  co-workets  (Huang,  et  al.,  1989;  Deck  and  Williams, 
1990)  have  also  developed  back  plane  projection  methods  tor  analysis  of  gas- 
liquid  pipe  flows  ol  gas  aiKi  oil.  A  vaiiatlonal  method  developed  by  Kohn  and 
Vogelius  [1907]  is  siiidlar  to  UiaL  of  Wcxler  [lOS-b]  but  guaranteed  to  con¬ 
verge.  It  was  shc:iwn  by  Kolui  aiKi  McKennoy  [1909],  however,  to  produce  results 
no  better  than  those  of  Wexler.  Murai  and  Kagawa  [1985]  used  a  "matrix  re¬ 
gularization"  ii^thod  based  on  Akaike's  intormation  criterion  and  eliminated 
altogether  the  problem  of  lll-corKlitionlng. 

Yorkey,  Webster,  and  TVjiijikias  (YOT)  followed  a  different  appinach  using 
MsuTquardt's  condli  loninq  metliod  which  they  stated  to  be  better  than  Akaike's 
metliod.  Tlieii:  results  ai)poar  sltiguiarly  succes.stul  in  inversion  of  two  care¬ 
fully-chosen  nuntirical  oxporiiiKJtU  ;  (Yorkey,  1986;  Yorkey  and  Webster,  1987; 
Yorkey,  Webster,  arxl  'hxnjkins ,  1905,  1986,  1987a,  1987b].  Finite  elanent 
nteUiods  were  used  to  obtain  accurate  reconstructions  in  four  iterations.  No 
reconstruction  ol  real  situations  has  yet  been  rcjported  and  Kohn  and 
McKeniiey  [1989]  imlicate  Llie  YiYT  tests  were  "biased  by  the  nature  of  tJw 
synthetic  dita.'' 

Very  slow  transient  results  wore  obtained  by  Uiriwn,  Barber,  and  Seagar 
[1985]  when  a  dlsti  of  tuMted  saline  solution  was  reconstructed  showing  the 
theriiial  pattenis  ot  convection.  Ironi  comparison  of  their  results  with 
Price's  estimates  of  resistivity  [Price,  1979]  it  stieiis  that  changes  of  the 
order  ol  i.5-10  ii-aii  wero  easily  resolved.  These  results  also  Indicate  that 
there  is  ti  good  potential  for  application  of  BlCl'  methods  to  natural  con 
vection  studies. 

Finite  eleincjnt  methods  sean  to  liave  been  siiqularly  useful  in  reconstruc¬ 
tion  tomograiihy  ol  eioctrical  fields,  starting  with  the  suggestion-s  of  Kim, 
Tdiiipkitrs ,  and  Webster  [1981],  ttiis  work  has  been  the  Uisis  for  the  most 
successful  inversions  reported  on  to  date  [Dynes  and  bytie,  1981;  Murai  and 
Kagawa,  1985;  Yorkey  land  coworkers),  1985,  1986,  1987a,  1987b]. 

Yorkey  et  al.  examined  several,  other  methods  including  the  pertixbation 
Kiethod  used  by  Kim  et  aj  .  [1983],  the  eguipotential  lines  method  used  ty 
Barber  et  gl.  [1983]  and  by  Barber  ajid  Drown  [1985],  the  itorativo  equi- 
potentlal  lines  inet.hod  (t)ie  origiiuil  one  proposed  did  not  iterate),  and  the 
method  used  bi'  WexU'r  et  ai.,  and  shiiilarly  by  Kolm  and  Vtqolius  [1987]  (re¬ 
ferenced  by  YVflj  .  Of  the  five  roetliods  tried,  only  the  YWT  nethod  converged 
to  zero  error  In  overall  resistivity,  and  seemed  to  obtain  the  correct 
result  locally,  in  spite  ot  the  tact  that  they  only  utliiztjd  adjacent  elec¬ 
trodes  for  excitation  -a  ijattem  guaranteed  to  produce  the  n»st  difficult 
problaas  with  sensitivity.  Other  methods  either  did  not  converge  or  con¬ 
verged  with  some  error. 

On  a  canplGi.ely  separate  track,  Newell,  Gisser,  and  Isaacson  and  their 
ccworkers  at  Reasseiaer  have  been  developing  the  multi-pole  current 
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distribution  (MPCD)  method.  This  method  iias  resulted  from  mathematical 
analysis  showing  the  "best"  application  of  electrical  current  in  a  radially- 
syiunetric  system  to  be  sin(ke)  and  cos(ko),  k=l...K  where  K  is  half  the 
nunfcer  of  circumferential  electrodes  [(;isser  et  1987;  Newell  et  al., 
1988,  1939;  Fuks  ^  al.,  1989;  Isaacson  and  Cheney,  1989;  Cheng  et  al., 
1989].  Ttiis  distribution  is  optimum  in  effect  because  at  any  instant  all 
electrodes  are  simultaneously  excited  and  the  total  input  current  is  the  sum 
of  individual  electrode-pair  currents  thereby  increasing  the  sensitivity  and 
decreasing  the  effects  of  noise  in  the  system.  Results  on  two-dimensional 
electrode  arrays  without  iteration  (NOSER  method)  are  quite  fuzzy  but  are 
the  equal  of  others  described  in  the  literature. 

MULYSIS 


RBOonstnictxon  Hethcxl 

The  bast  iterative  method  to  present  rapid  convergence  (Yorkey's 
resistive  network  or  YWT  method)  is  being  extended  to  complex  reactive 
networks.  The  caiputational  U'gical  includes  two  parts.  The  first  part  is 
the  forward  problem  which  is  used  to  generate  a  voltage  distribution  using  a 
given  distribution  of  complex  conductivity.  The  second  part  is  the  inverse 
problem  which  uses  the  sinuiated  (calculated)  experimantal  txxindary  voltages 
in  comparison  with  the  measured  values  to  reconstruct  the  conductivity/ 
permittivity  distribution. 

'Ihe  theoretical  basis  for  the  algorithm  is  given  as  follows.  The  steady- 
state  governing  equation  for  the  voltage  distribution  within  the 
Inhomogeneous  and  isotropic  field  is  given  by  Laplaces 's  equation; 

(1)  V  •  (oVV)  =  0 

Finite  element  methods  (FE14)  are  utilized  where  they  are  nodalized  by 
squares.  It  is  assumed  that  each  square  has  constant  cctrplex  con- 
ductivity/permittivity  a .  It  is  kxwwn  Uiat  this  method  converges  to  the 
exact  solution  where  the  element  s.ize  becomes  infinitesimal. 

The  FEM  is  defined  for  a  reactive  network  (Fig.  1)  as  YV  >  C,  wtiere  Y  is 
the  N  X  N  indefinite  achiittajvca-natrix,  euid  V  and  C  are  N  x  P  matrices.  The 
other  parameters  are  defined  as 

N  :  the  number  of  the  total  nodes. 

F  :  the  number  of  the  current  excitations. 

M  :  the  nunber-  of  total  eioments. 

£  :  the  number  of  measured  electrodes  on  the  periphery. 

For  the  given  oonductlvity/permittivity,  the  admittance-natrix  can  be 
calculated  by  the  assumptions  of  linear  shape  functions  in  the  finite 
element  analysis.  Thi'n  the  matrix  representation  is 

While  V  represents  the  voltages  o.!  tie  nodes  both  inside  and  on  the 
periphery  of  the  body,  only  the  voltages  on  the  periphery  can  be  measured. 
A  transformation  T  should  be  made  to  pick  up  the  calculated  voltages  on  the 
periphery  from  the  calculated  voltages  matrix  to  form  a  new  vector 

.  The  measured  voltages  on  the  E  electrodes  with  P  current  excitations 
are  collected  to  form  the  matrix  ,  which  V^,  is  also  a  vector.  There 

are  errors  between  tie  calculated  vorcages  iusssured  voltages 
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Figure  1.  Schematic  of  an  8  «  8  inpedanca  network. 


Vj,  j  on  tho  measured  electrodes. 

'A  scalar  error  function  is  then  defitad  as 

(2)  ^  -  VJT(£  -  vj 

In  order  to  gat  ii>a  miniiium  onor,  tho  derivative  of  ^  relative  to  a 
should  be  7.ero.  Hiub, 

d/f 

(3)  0 - [£  ;T  f£  -  vj  .=  0 

dv 

where  £'  =  df/do .  Itw  quantity  </>  can  bo  expressed  as  a  Tav'lor  expansion  as 

(4)  0'  =  0  (0^)  +  0  (a‘^)V(a^) 

'Ihorafora, 

(5)  Va^  =  -[0'  0  (aK) 

where 

(6)  0-  =  £  -  Vj 

and  where 

(7)  0  "(<,Kj  [£-(„K,]T  f 

the  corrections  to  can  be  obtained  after  every  Iteration,  until  the 
convergencQ  criteria  is  acliievod. 
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Figure  2.  IVPicdl  convotxjenuo  ot  error  iuiicticin  for  square-array  FBI, 
with  real  conductivity. 


A  cunipi.cx  gconetry  will  need  nany  current  excitations  and  so  the  matrices 
required  in  the  inversions  can  be  very  large.  Since  the  forward  coipitation 
of  the  field  potential  for  a  given  complex  resistivity  pattern  involves  in¬ 
version  of  a  sparse  natrlx,  Gaussian  eliiiiination  methods  used  are  confiubo- 
tionally  expensive.  Thus,  the  Jacobi  conjugate  gradient  (JCG)  method  similar 
to  that  described  by  Carey  and  Oden  (1984)  has  been  utilized  for  real  dcmain 
inversions.  In  the  case  of  a  itutrix  having  eigenvalues  separated  by  orders 
of  magnitude,  preconditioning  is  obtained  by  pre-irtiltiplying  with  the 
inverse  of  the  diagonal  of  the  original  matrix.  The  JCXl  method  is  both 
extrernaly  fast  and  absolutely  convergent  for  positive  definite  matrices  such 
as  are  anticipated  in  this  problan.  Since  it  is  not  necessary  to  calculate 
and  store  zeros  in  the  matrix,  the  ccnputational  CPU  time  is  decreased 
substantially. 

The  accuracy  for  botii  methods  are  similar.  liestenes  and  Stiefel  (1952) 
have  shewn  that  If  the  conjugate  directions  are  chosen  as  tlie  unit  basis 
vectors,  then  the  conjugate  gradient  will  be  equivalent  to  Gaussian 
Elimination  method.  Round-off  error  c«in  also  be  corrected  in  the  JOG 
algoritlun. 

nsuus 


NuKCical 

Sguaxe-eleaartt  cxxiductlve  arrays,  lirplanentatlon  of  the  method  using 
square  elements  in  the  resistive  mode  only  indicates  that  convergence  is 
very  rapid.  As  shown  In  Fig.  2,  the  error  function  (Bq.  12)  for  an  B  x  8 
array  converges  to  two  significant  figures  occurs  within  4-5  Iterations  in 
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agreement  with  the  results  o£  Yorkey  (1986),  and  v;ithin  1  port  in  10*  within 
12  iterations  where  the  contrast  ratio  is  as  large  as  10,000:1.  Altken's 
method  is  also  used  to  inprove  convergence  speed  ;nore  than  a  factor  of  3. 

Quadtilateral-eleoent  arrays.  An  automatic,  quadrilateral -grid,  mesh 
generator  was  added  to  convert  simulations  of  arbitriiry  geometries  to 
equivalent  square  element  arrays.  Figitre  3  shows  the  iteration  sequence 
results  for  a  25-eiement  body  having  a  central  element  of  high  resistivity 
and  surrounding  elements  of  low  resistivity.  Gauss  elimination  was  used  to 
perform  natrix  inversions.  The  small  square  patterns  are  used  to  visually 
represent  the  degree  of  variation  in  resistivity.  The  dense  pattern 
represents  material  with  high  conductivity  and  lew  resiotivity.  Ihe  less 
dense  the  fill  pattern,  the  lower  the  conductivity,  llus  selection  was  used 
since,  with  alr/vapor  and  liquid  systems,  the  air  regions  are  called 
"voids."  Ihe  last  Iteration  shown  is  that  after  which  iko  visual  detection  of 
changes  ceui  be  made. 

Figure  4  shows  the  variation  of  error  function  with  iteration  i.s  not 
uniformly  convergent.  Nevertlioloss,  convergence  within  10  ‘  is  obtained  for 
contrast  ratios  up  to  100:1  within  15  iterations  and  convergence  was 
obtained  with  all  contrast  ratios  tested  up  to  10^:1  in  the  real  case. 
However,  using  Gauss  elimination  for  the  case  of  complex  conductivities, 
convergence  could  not  be  obtained  Cor  contrast  ratios  much  over  100:1  and 
the  results  are  erratic  and  not  well  understood  at  this  point.  However,  it 
appears  that  port  of  the  problem  is  associated  with  distorted  quadralateral 
elements  wliera  angles  become  quite  obtuse  or  acute.  It  is  expected  that 
inplenentation  of  the  JCXl  method  for  inversion  will  substantially  alter  this 
picture. 

The  relatively  rapid  reduction  in  Uie  nuaiericai  value  of  tl®  error 
function  does  not,  however,  tell  the  whole  story.  Figure  5  shows  the  local 
error  for  central,  middJ.e-ring,  and  outer-ring  elements  as  a  function  of 
iteration.  Convergence  in  tills  case  is  not  quadratic  aid  significant  local 
error  can  exist  even  with  very  low  error  in  Furthermore,  the  elements 
farthest  fmn  the  boundary  are  the  slowest  to  converge  due  to  the  lew  degree 
of  sensitivity  to  boundary  effects. 

Figure  6  shows  the  iterative  sequence  for  a  64-element,  near-circular 
body  having  a  ring-shaped  region  of  tiigh  resistivity  with  contrast  ratio  of 
3:1.  Note  that  tile  starting  pattern  is  of  uniiorra  conductivity,  identical  to 
tliat  shown  in  Fig.  3.  Convergence  results  are  similar  to  those  for  tlie  25- 
element  body.  Note  that  while  only  1.1  iterations  were  required  for  "visual 
convergence, "  in  Fig.  3,  15  iterations  are  required  in  tlUs  case. 

Figure  7  simulates  a  case  where  liquid  hugs  the  wall  of  a  pipe  and  gas 
occupies  the  central  region,  .igain  to  a  resolution  of  64  elements.  The 
starting  pattern  was  Identical  to  that  shown  in  Fig.  3.  It  Is  seen  that  the 
outer  ring  of  low  resistivity  material  converges  rapidly  due  to  the  high 
sensitivity  of  electrode  reaction  to  nearby  material  whereas  the  cejitral 
core  zones  take  approximately  25  iterations  tor  visual  convergence. 

The  results  shewn  in  Fig.  8  are  for  a  relatively  randan  arrangement  of 
the  two  resistivities  resistivities  in  a  circular,  64-elanent  array.  Again, 
25  iterations  are  required  for  visual  convergence  of  the  pattern.  Global 
convergence  is  conpored  in  Fig.  9  for  this  case  (Caso  1)  and  those  shown  in 
Fig.  6  (Case  2)  and  Fig.  7  (Ccise  3).  All  three  cases  are  for  the  3:1  real 
contrast  ratio.  It  appears  that  the  more  complex  the  pattern,  the  more 
difficult  it  is  to  obtain  accuiate  solutions. 
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Figure  4.  Global  convergonoa  for  a  25-«lanant  quadrilateral  array  having 
only  real  cxsiductivity  coirpooants. 


Figure  5.  Local  converganrse  for  a  25-elanBnt  quadrilateral  array  havliig 
only  real  conductivity  conponents. 
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flx8  Mesh 
Iteration=  7 


8x8  Mesh 
Iteration=  15 


Figure  6.  Iteration  patterns  for  a  64 -element  array  of  quadrilateral 
elements  having  only  real  conductivity  elanente. 
iUng  pattern,  3:1  contrast. 
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Figure  7.  Iteration  patterns  for  a  64  element,  array  of  quadrilateral 
elements  having  only  n.-al  conductivity  elements. 

Annular  pattern,  3:1  contrast. 
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Figure  8.  Iteration  pattenus  for  a  64-element  array  of  quadralateral 
elements  having  oniy  real  coivductivity  elentents. 

Random  pattern,  3:1  contrast. 
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Background  Resiativiiy=LO 
Resist  of  central  target=3 


Figure  9.  Global  convergence  for  a  64 -element  quadrilateral  array  having 
patterns  sliown  in  Fig.  9  (Case  1),  Fig.  6  (Case  2),  and  Fig.  7  (Case  3),  for 
the  case  of  3:1  real  contrast  ratio. 


agperiawital 

An  exanple  of  a  electrical  iitpedance  tomographic  ijiage  obtained  using 
sinusoidal  current  excitation  patterns  arxi  conplex  coixiuctivity  inversion  is 
shown  in  Fig.  iO  (N3SER  itwthod,  Newell  et  al.,  1989).  Hie  test  gecmetry  used 
is  a  rather  shallow,  two-dimensional  bath  SOO-itin  in  diameter.  Water  fills 
the  dish  to  a  depth  of  approxlinately  12  ram  except  for  an  enpty,  50 -nm- 
diameter  beaker  placed  in  the  center  of  tlia  dish. 

Hie  NOSER  method,  dQsc''ibed  elsewhere  in  this  meeting,  i.s  a  nond.teratlve 
reconstruction  which  uses  exact  solution  of  t)ie  urdform  field  prublan  and 
exact  ccii(xitation  of  the  first  corrections  in  the  iterative  process.  Results 
ore  shown  in  Fig.  10(b)  where  the  darker  regions  are  lilgher  iirpedance 
associated  with  air.  It  is  expected  that  with  luproved  sensitivity 
algorithms  and  iteration,  the  reconstructed  image  will  be  much  litproved.  The 
results  show  that  it  is  clearly  possible  to  separately  identify  large  separ¬ 
ate  regions  of  gas -phase  surrounded  by  water  in  a  large  gecmetry.  What  must 
yet  be  shown  is  if  the  inverse  is  true— separate  water  regions  surrounded  by 
air.  Also,  the  capability  for  discrimination  In  smaller  overall  gecmetry 
with  relatively  smaller,  multiple  ^ones  of  the  discrete  phase  renains  to  be 
demonstrated. 
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OMCUeiCNS 


A  method  of  using  electrical  impedance  for  Ijtiaglng  of  two-phase  fluid 
distributions  using  inverse  conputational  methods  has  been  discussed  with 
the  following  conclusions. 

1 .  It  has  been  shown  that  the  internal  distribution  of  complex 
electrical  impedance  can  be  determined  within  a  body  by  using  only  boundary 
excitation  and  moasurement. 

2.  Square-element  HU  modeling  of  a  resistive  body  allows  iterative 
convergence  to  1%  within  4-5  iterations  aitd  within  0.01%  within  12 
iterations  for  all  contrast  ratios  up  to  lO'’ . 

3.  Quadralateral-element,  adaptive  grid,  1131  modeling  was  slower  to 
iterate  and  more  sensitive  to  resistivity  ratio,  perhaps  due  to  the  presence 
of  highly  acute  or  obtuse  angles  distorting  the  equivalent  square-elaftent 
conductivity.  Local  error  in  a  given  element  was  shewn  to  be  considerably 
slower  to  converge  to  a  reasonable  error.  Elements  farthest  from  the 
bourdary  showed  slcwent  convergence,  and  more  cooplex  situations  appear  to 
require  more  interations  for  convergence. 

4.  Complex  contra.st  ratios  as  large  as  10'  were  found  to  converge 
using  Gauss  elimination  for  natrlx  inversion.  Situations  with  larger 
contrast  diverged. 

5.  Application  to  a  practical,  laboratory  situation  shows  that  even 
without  Iteration,  reasonable  results  can  be  obtained  for  complex 
conductivity  fluids. 

5.  Considerable  development  effort  remains  before  the  method  will  be 
of  general  utility  for  two-pliaso,  gas-liquid  flows. 


iONMUJQQEHEMnS 

Ihis  research  was  supported  by  the  Energy  Research  laboratory,  Hitachi, 
Ltd.,  Hltachi-ehl,  Ibaritki-kon,  .lapim,  and  by  the  U.S.  Department  of  Energy 
under  contract  number  DE-i'Xa07-90EK13032. 

lOftlCUmjKE 


Kngldaih 

A  Area  (flow  area  if  not  subscripted] 

G  Mass  flux 

1  Enthalpy 

J  Square  root  of  (-1) 

n  Unit  outward  ttormal  on  tlie  surface  of  a  region 

q  Heat  flux 

t  Time  or  generalized  Jacobian  nQtrlx 

V  Velocity 

V  Volume 

z  Flow  diractio.1  general  cooi.dlnate 

Oraefc 

o  Void  fraction 

4  Difference  indicator 

j  Permittivity 

<it  Flux  of  conserved  quantity 

i  Gene,  alized  state  equation 
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r  Volumetric  source  term 

tji  Intensive  cxinserved  qutintity 

p  Density 

0  Surface  tension  or  conductivity 

j_  Stress  tensor 

a  Frequency 

Sufaecxipts  and  St^X-trscaripts  and  Others 

fg  Saturated  liquid-vapor  differena^ 

i  Interfacial 

k  Refers  to  phase-k 

l  Liquid 

r  Relative  (between  liquid  and  vapor) 

s  Refers  to  surface  at  interface 

V  Vapor 
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1  Abstract 

The  Signature  Prediction  Toole  eoftware  package^  ia  the  part  of  the  Synthetic 
Aperture  Radar  (SAR)  prediction  Tool  (SarTool)  that  generates  radar  eignatuie 
predictions  of  objects  such  as  ground  vehicles  and  airecaR.  SarTool  employs  the 
geometric  reprceentationi  of  these  objects  and  the  parametric  descriptions  of 
sensors  to  calculate  the  full  polaiimetrie,  complex-valued  radar  signature  data 
of  individual  acattering  componenti  through  the  use  of  phyaical  optics  models 
of  radar  backscattcrlag.  SarTool  ia  a  major  component  ir  a  model-bawd  vision 
concept  of  constructing  synthetic  SAR  images  of  objects  and  comparing  these 
images  with  actual  sensor  data  of  the  real  objecta  for  target  identification. 

This  paper’  presents  a  technique  to  validate  the  individual  scattering  com¬ 
ponents  of  SarTool.  The  technique  consists  of  uiing  SarTool  to  calculate  the 
signature  data  of  primitive  radar  targets  which  ate  cooatructed  from  the  icat- 
terlng  components  and  then  comparing  this  data  to  the  scattering  data  of  the 
well  known  physical  optics  (PO)  equations  for  these  radar  targets  with  the  eame 
input  parameters.  These  targets  consist  of  flat  plates,  right  dihedral  and  square 
trihedral  corner  reflectors,  and  tophats.  The  results  of  the  validation  show  cioic 
agreement  to  the  PO  equations  for  the  circular  plate  target,  the  ecattetiug  com¬ 
ponents  consisting  of  the  double  bounce  tophat,  triple  bounce  trihedral,  and 
single  bounce  magnitude  for  the  rectangular  plate. 

^Setuvr  Alsoritkm  Rswerch  Kipiri  Syitvni.  Coahact  FSSein-iT-C-ieOS,  The  Analytic 
ScicncM  Corporailoo. 
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2  Introduction 


The  only  target  recognition  system  currently  in  use  ii  the  human  which  cm> 
ploys  photo  or  television  visual  imaging  systems  to  discern  targets  from  the  sur¬ 
rounding  terrain.  The  limitations  of  a  human  target  recognition  system  when 
presented  with  images  generated  at  wavelengths  other  than  optical  frequencies, 
produce  a  requirement  for  an  automatic  target  recognition  system  which  is  a 
part  of  the  Synthetic  Aperture  Radar  (SAR)  or  infrared  imaging  systems.  A 
proposed  automatic  target  recognition  system  for  SAR  systems  employs  a  com¬ 
puter  program  that  compares  an  unknown  SAH  image  to  a  database  of  SAH 
target  images  to  find  a  match.  The  problem  with  this  system  is  the  acquisition 
of  the  target  Image  database. 

A  proposal  to  solve  this  problem  is  the  Model  Based  Vision  (MBV)  concept, 
which  is  based  on  the  calculation  of  synthetic  SAR  target  Image  displays  by  a 
computer  program  that  simulates  the  SAR  sensor  and  the  taiget/background 
radar  returns.  The  first  part  of  the  MUV  system  is  the  construction  of  a  three 
dimensional  computer  model  of  a  radar  target  by  a  solid  modeling  computer 
aided  design  (CAD)  package.  This  model  is  constructed  of  radar  reflectors 
from  a  list  that  consists  of  single  bounce  reflectors;  fiat  plate,  cone,  ellipsoid, 
ogive,  and  torus,  as  well  as  multiple  bounce  interactions;  dihedrid,  trihedral, 
tophat,  and  cavity.  From  the  model,  which  ia  a  database  of  rehectors  and  their 
position,  a  computer  program  calculates  the  polarimetric  complex  radar  croaa 
section  (RCS)  in  matrix  form  with  respect  to  the  angles  from  the  SAR  Knsor 
position  for  each  of  these  simple  rcBectori.  The  RCS  ii  then  used  to  calculate  the 
magnitude  and  phase  of  the  response  of  each  reflector  and  places  thli  responte 
on  the  SAR  image  with  respect  to  the  range  and  xange«rate  coordinate  frame 
|7].  This  synthetic  image  is  a  database  entry  of  the  target  model  at  one  aspect 
angle.  A  target  image  database  is  then  constructed  from  the  computer  models 
of  all  possible  tsrgets  by  calculating  synthetic  SAR  image  for  a  multitude  of 
aspect  angles. 

The  one  key  requirement  for  the  succeM  of  the  MBV  concept  is  the  correct 
implementation  of  the  physical  optics  (PO)  equations  for  the  single  and  multiple 
bounce  reflectors.  This  paper  validates  the  implementation  of  the  polarimetric 
PO  equations  in  the  Signature  Prediction  Tools  software  package  for  a  set  of 
simple  radar  targets  consisting  of  flat  pistes,  dihedrals,  trihedrsls,  and  top  hats. 

3  Validation 

Since  the  procedure  for  validating  radar  targets  has  not  been  defined  explicitly 
in  the  radar  community,  this  validation  effort  is  limited  to: 

L  PO  Equations.  The  research  for  validating  the  PO  approximation  for  the 
simple  targets  has  already  accomplished  by  many  researchers.  These  PO 
equations  [8],  [3],  [4),  [2],  [5],  [1]  are  encoded  in  FORTRAN  programs  that 
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generate  daU  in  the  form  of  RCS  and  phaae  vt.  aapcct  angle  for  differing 
polariiations  for  the  primitives  listed  above. 

2.  SarTool  Data.  Primitives  in  SarTool  are  constructed  to  duplicate  the 
parameters  in  the  PO  equations  data  set.  The  resulting  data  from  SarTool 
will  be  presented  in  the  same  format  aa  the  PO  data. 

3.  Analysis.  The  pbts  of  the  PO  and  SarTool  for  the  same  pclarisation 
are  superimposed.  This  technique  shows  the  umilarities  and  diffezcnces 
between  the  PO  equations  and  the  SarTool  implementation  for  the  same 
input  parameters. 

4  Results 

The  orientation  .and  conventions  of  the  sensor  viewing  angles  are  shown  in  fig* 
ures  I*  4.  Figures  and  7  show  thet  the  PO  equations  for  the  RCS  of  these  Sat 
plates  agree  perfectly  with  the  SarTool  calculations.  Figure  6  reveals  differences 
in  the  phase  calculations  in  SarTool  for  the  rectangular  plate  when  complared 
to  the  PO  equations.  The  dihedral  RCS  plots  in  figures  9  and  11  also  reveal 
differences  in  the  implementation  of  the  PO  equations  and  SarTool.  The  eleva* 
tion  viewing  angle  x  55.0  degrees)  corresponds  to  the  maximum  response  of 
a  square  trihedral.  Figures  13  and  15  show  a  near  perfect  agreement  in  the  PO 
and  SarTool  equations  for  the  trihedral.  The  tophat  plots  in  figures  17  and  19 
show  a  liseable  difference  in  the  SarTool  response  and  the  PO  equations.  Inves* 
tigation  into  this  problem  reveals  that  SarTool  does  not  add  the  single  bounce 
response  of  the  base  of  the  tophat  to  the  rest  of  the  Kattering  components. 

5  Conclusions 

This  paper  presents  the  preliminary  work  in  the  validation  of  the  SarTool  com¬ 
puter  package.  The  conclusions  of  the  validation  of  the  primitive  targets  are 
presented  for  SarTool  version  7.03. 

C.l  F^at  Plates 

The  analysis  on  the  rectangular  and  circular  plates  shows  that  the  RCS  and 
phase  of  the  circular  plate  agrees  with  the  PO  equations  available  in  the  lit¬ 
erature.  The  phase  characteristics  of  the  rectangular  plate  do  not  agree  with 
the  PO  equations,  but  the  magnitude  does  agree.  This  difference  in  the  phase 
especially  at  the  broadside  aspect  angle  reveals  a  possible  problem  with  the 
implementation  of  the  PO  equations  for  polygonal  plates  in  SarTool. 
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5.2 


Dihedral 


The  ftualyus  of  the  dihedi4l  4t  the  maximum  leturn  Angles  6  =  60  (60.9)  degrees 
and  ^  =  45  degreea  agrees  with  the  PO  equationi.  The  diiferencta  in  the  RCS 
and  phase  plots  can  be  attributed  to  the  addition  of  the  two  rectangular  platr. 
reflponiea  which  have  incorrect  phase  relationships  to  the  double  bounce  dihedral 
response. 


5.3  Trihedral 

The  zeiponie  of  the  trihedral  at  maximum  response  angle  9  =  55  degrees  shows 
very  close  agreement  in  the  plots  of  SarTool  and  PO  equations  for  the  RCS  for 
phi  angles  from  12  to  78  degrees.  At  this  theta  angle  and  phi  anglea,  the  triple 
bounce  trihedral  scattering  response  dominates  the  total  target  RCS.  These 
plots  reveal  an  agreement  in  the  triple  bounce  equation  implementation  for 
SarTool.  Once  again,  the  phase  relationship  of  the  flat  plates  combined  with  the 
three  double  bounce  dihedral  responses  and  the  triple  bounce  response  results 
in  the  small  disagreement  of  SarTool  and  PO  calculations. 

5.4  Tophat 

The  failure  of  SarTool  to  calculate  the  flat  plate  response  of  the  base  disc  of  the 
tcphst  results  in  big  dissgieemeats  with  the  PO  equations.  The  section  of  Ihe 
RCS  plot  where  the  double  bounce  tophat  response  dominates  reveaU  a  general 
agreement  of  SarTool  with  the  PO  equations.  Further  study  of  this  problem  U 
also  required  for  a  validation  of  this  primitive. 
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Figure  13:  RCS  SQ  TRIHEDRAL  L=10  CM  F=10  GKi  THETA=6B,0  DEG 
PO  EQNS 


U) 

w 

s 

u 

[>i 

u 


Figure  14:  PHASE  SQ  TRIHEDRAL  L=:10  CM  F=:iO  uH»  THETA— 55.0  DEG 
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Figure  17;  RCS  CIKC  BASE  TOPIIAT  A=10.18  CM  0=20.32  CM  L=20.32 
CM  F=10  GHu  PO  EQHS 


Figure  18;  PHASE  CIUC  BASE  TOPUAT  A=10.16  CM  11=20.32  CM  0=20.32 
CM  F=10  GH»  PO  EQNS 
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Figure  19:  RGS  CIRC  BASE  TOPHAT  A=10.10  CM  B=20.32  CM  L=20.32 
CM  F=10  GHi  SarTool? 


Figure  20:  PHASE  CIRC  BASE  TOPHAT  A-10,l«  CM  3=20,32  CM  L=20.32 
CM  F=10  GHe  S»rTool7 
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Abstract 

Tills  paper  describeii  the  transformation  of  serial  computer  codes  for 
use  ill  a  concurrent  processing  environment,  with  in-progress  results  of  the 
specific  task  of  piling  the  NECBSO  sequential  FORTRAN  source  code 
to  the  intel  iPSC®/2  and  iPSC®/860  hypercubes.  Improved  efficiency 
and  effectiveness  should  result  from  the  use  of  concurrent  processing  on 
multiple  processors.  The  sequential  code  is  examined  and  modified  in 
stages  in  an  attempt  to  minimize  the  changes  to  the  program  interface 
and  output,  while  maximizing  performance.  At  each  step  of  the  transfor¬ 
mation,  the  modified  code  is  executed,  efficiencies  compared  to  those  of 
previous  steps,  and  effectiveness  compared  to  VAX  serial  benchmarks. 


1  Introduction 

The  Air  Force  is  conducting  research  into  quicker,  more  cost  elective  methods 
for  predicting  the  electromagnetic  scattering  from  complex  objects  of  interest. 
One  of  tlie  computer  codes  currently  in  use  is  the  Numerical  Electromagnetic 
Code  -  Basic  Scattering  Code  (NECBSC)'.  This  code  was  developed  for  the 
VAX  minicomputer  and  written  in  FORTRAN-77  for  portability  to  most  stan¬ 
dard  mainframe  computers.  However,  even  on  potent  mainframes,  any  but  the 
simplest  of  problems  takes  considerable  execution  time  ('''hours),  at  a  relatively 
high  cost.  This  research  centers  on  the  modification  of  the  NECBSC  for  exe¬ 
cution  by  a  distributed  processing  computer.  Before  we  examine  this  specific 
problem,  we  need  to  examine  the  generic  problem  of  porting  existing  serial  code 
to  concurrent  processing  environments. 

*ThU  work  ii  iponiiored  by  Jeffrey  L.  F«th  of  the  Torsel  Recognition  Branch  at  the  Wright 
Laboratory(WL/AARA),  Wright-Fatleraon  AFB  OH 

'NECBSC  wan  developed  by  R.J.  Marheflcaand  J.W,  Sllveatroof  the  Ohio  State  IJniveiaily 
ElectroScience  Laboratory,  Columbus  OH. 
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2  Concurrent  Computers 

Characteristics  of  the  target  computer  have  a  large  impact  on  the  approach 
taken  for  decomposition  of  the  source  program.  Concurrent  processing  com¬ 
puters  come  in  many  varieties.  .Single  instruction,  multiple  data  (SIMD)  com¬ 
puters  have  multiple  processors  each  with  identical  code,  \  orking  on  different 
data  elements  in  “lock-step”.  These  machines  are  very  appropriate  for  problems 
involving  matrix/array  solutions  such  as  finite-difference  methods  where  each 
processor  would  calculate  the  results  for  a  single  location  in  the  grid.  Multiple 
instruction,  multiple  data  (MIMD)  computers  have  processors  which  may  op¬ 
erate  independently  on  different  parts  of  the  problem  and/or  different  parts  of 
the  data. 

When  Ihe  computer  has  a  single  block  of  memory  addressable  by  all  of  the 
processors,  it  is  referred  to  as  “shared-memory”.  Each  processor  can  freely 
exchar -e  data  with  the  others  through  the  intervening  memory.  This  type  of 
architi  .ure  lends  flexibility  to  the  programmer  at  the  expense  of  hardware  com¬ 
plexity/cost  and  fixed  overhead  due  to  memory  contention  and  address  decoding 
time.  When  each  processor  has  a  dedicated  block  of  memory  to  which  it  has 
exclusive  access,  it  is  called  "distributed  memory”.  This  architecture  is  simpler, 
but  may  require  data  to  be  passed  between  the  processors  via  messages,  im¬ 
posing  overhead.  The  distributed-memory  architecture  is  appropriate  for  tasks 
tliat  involve  routines  with  large  amounts  of  processing  relative  to  data  sharing. 

Given  a  distributed  memory  MIMD  computer,  the  physical  interconnection 
topology  of  the  processors  has  a  large  impact  on  the  suitability  of  the  machine 
to  the  task.  Each  processor  can  be  connected  to  all  others,  but  th  -  complexity 
of  the  hardware  for  even  tens  of  processors  is  ir^practical.  A  f  mterconnec- 
tion  scheme  where  each  processor  can  communicate  with  each  ol  four  neighbors 
is  ideal  for  two-dimensional  problems,  but  communications  in  a  problem  with 
three  or  more  dimensions  become  burdensome.  The  hypercube  is  a  compro¬ 
mise  architecture  with  a  high  degree  of  flexibility.  A  hypercube  of  dimension 
d  has  2*  processors  nodes  each  connected  to  d  neighbors.  This  interconnection 
scheme  becomes  unwieldy  when  the  dimension  exceeds  eight  (256  nodes)  or  so. 
Stated  without  proof:  the  hypercube  arcliitecture  hw  considerable  flexibility  in 
mapping  the  processors  to  different  types  of  problem'Spaces[2,  49]. 


3  Program  Decomposition 

From  a  user's  point  of  view,  a  vectorizing  compiler  is  the  simplest  way  to  adapt 
an  existing  program  to  run  on  a  concurrent  computer.  The  details  of  the  con- 

V«ta«v»f  A«v/«4a  waa«|/»aVA  aawvsa*  amv  w«aa|/a«s;a 

to  identify  sections  of  the  code  that  are  appropriate  for  predetermined  forms  of 
•■oncurrent  computation.  Some  experts  believe  that  vectorizing  compilers  pro¬ 
duce  code  that  is  more  efficient  than  that  of  skilled  programmers  [6,  237).  This 
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may  be  true  for  the  limited  concurretrcy  of  multiprocessor  computers  such  as  the 
Cray  XMP,  but  a  compiler  cannot  make  the  sweeping  changes  that  a  program¬ 
mer  could  implement  for  more  complex  architectures  (2, 27],  and  a  compiler  does 
not  generally  run  a  program  with  actual  data,  and  this  can  affect  performance. 

There  are  two  basic  methods  of  manual  program  translation;  domain  decom¬ 
position  and  control  decomposition.  Domain  decomposition  consists  of  loading 
identical  programs  on  each  node  and  segmenting  the  data  among  the  proces¬ 
sors,  allowing  each  to  perform  the  ta-ok  on  part  of  the  data.  This  method  is 
particularly  effective  when  there  are  loops  in  the  serial  program  and  the  data 
in  each  loop  is  not  dependent  on  the  results  of  earlier  iterations  of  that  loop.  If 
there  is  no  need  for  interprocessor  communication  during  the  calculations,  the 
overhead  is  minimized  and  high  efficiencies  are  achievable.  Presuming  one  has 
a  very  large  data  set,  one  attempts  to  divide  the  data  into  equal  sections  and 
map  each  to  a  different  node.  This  also  would  seem  to  be  the  correct  approach 
when  the  data-set  is  small,  but  the  data-transfer  time  to  load  different  data  sets 
may  negate  any  parallelism  gains,  resulting  in  an  inefHcient  configuration. 

Control  decomposition  consists  of  dividing  the  program  into  sections,  and 
putting  different  code  on  each  processor.  If  there  are  multiple  data  to  be  pro¬ 
cessed,  a  pipeline  can  be  effected,  allowing  concurrent  processing  and  speedup. 
However,  because  a  large  data  set  must  pass  through  all  the  nodes,  there  is  a 
communications  penalty  which  negates  potential  speedup  unless  the  computa¬ 
tions  are  very  time-consuming  relative  to  the  data-passing  required. 

Once  control-decomposition  is  chosen,  a  problem  can  be  mapped  to  the 
nodes  in  two  fundamental  ways.  The  first  is  a  static  configuration,  where  all  the 
routines  are  divided  among  the  nodes  and  remain  fixed  throughout  the  lifetime 
of  the  program.  The  second  is  where  “slave”  nodes  are  loaded  with  programming 
and  data  as  needed  by  one  or  more  “master”  nodes.  This  type  of  configuration 
is  most  appropriate  when  the  selection  and  order  of  execution  of  the  various 
pieces  of  code  cannot  be  determined  until  run  time,  especially  when  all  the 
routines  cannot  be  loaded  on  a  node  simultaneously  due  to  memory  constraints. 
The  master-slave  approach  is  one  of  the  fundamental  forms  of  dynamic  load 
balancing. 

There  are  many  tools  available  to  aid  in  the  decomposition,  analysis,  and 
evaluation  of  parallel  programming  efforts.  One  tool  which  assists  in  FORTRAN 
code  conversion  is  FORGE^**^,  an  analysis  tool  available  from  Intel/Pacific- 
Sietra  Reseaich  Corp.  FORGE^*^  creates  a  database  of  program  and  data 
entities  and  displays  them  in  coherent  formats  to  the  programmer/analyst  [3]. 
Other  tools  range  from  conventional  automated  flowchart  creators,  to  sophisti¬ 
cated  concurrent  visual  debugging  systems  [5]. 

Debugging  concurrent  programs  is  quite  a  bit  more  difficult  to  accomplish 
than  ordinary  sequential  programs.  Since  different  processes  are  occurring  si¬ 
multaneously  and  independently,  it  is  possible  to  have  a  properly  executing 
program  give  different  answers  on  consecutive  runs  using  the  same  input  data. 
This  is  because  the  processors  could  be  finishing  in  a  different  order  after  each 
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run  or  they  could  be  iinishiiig  at  the  same  time  and  competing  for  communica¬ 
tions  bus  permission,  the  transmitted  data  simply  arriving  in  a  dilTerent  order 
for  each  run.  If  the  order  of  results  is  significant  to  the  algorithm,  “random” 
results  may  occur.  Thus,  in  a  complex  problem,  little  can  be  directly  deduced 
about  the  specific  causes  of  a  cose  of  erratic  behavior.  The  difficulty  of  the 
problem  is  further  complicated  by  a  manifestation  of  the  Ilcisenburg  uncer¬ 
tainty  principle.  IVying  to  actively  record  the  behavior  and  timing  of  system 
events  intluences  the  results  obtained.  Passive  event-recording  systems  cure  rel¬ 
atively  non-intrusive  and  available,  but  they  only  store  limited  amounts  of  data 
[5,  594]. 

4  Measures  of  Merit 

There  are  four  major  standards  that  wilt  be  used  to  evaluate  the  desirability  of 
this  concurrent  processing  implementation:  speedup,  efficiency,  accuracy,  and 
relative  cast-efficiency. 

Speedup  is  the  ratio  of  the  execution  time  in  the  sequential  implementation 
to  the  fastest  parallel  implementation  (n  nodes)  and  therefore  is  a  measure  of 
merit  of  the  success  of  the  concurrent  implementation  vs  the  serial  version  (nor¬ 
mal  maximum:  n).  Efficiency  is  speedup  divided  by  the  number  of  processors 
used.  Efficiency  is  the  proportion  of  time  that  tlie  average  node  is  spending  to 
further  the  task  at  hand,  relative  to  the  serial  implementation,  with  a  theoreti¬ 
cal  maximum  of  1  (which  requires  a  speedup  of  n),  Ck>mputationally  idle  time 
during  overhead/message  passing  functions  degrade  this  result. 

Accuracy  is  used  in  a  normal  subjective  sense.  In  general:  does  the  im¬ 
plementation  produce  results  that  match  the  actual  RCS?  For  the  purposes  of 
these  investigations,  accuracy  refers  to  the  number  of  digits  of  accuracy,  rela¬ 
tive  to  NECBSC  run  on  a  VAX  computer.  Relative  cost-efficiency  is  speedup 
normalized  by  the  ratio  of  the  operating  (or  purchase)  costs  of  the  computers 
being  compared. 


5  Generic  Porting  to  MIMD  Computers 

The  first  task  in  porting  a  program  to  any  computer  is  to  understand  the  prob¬ 
lem.  On  concurrent  computers,  the  structure  of  the  code  and  data  is  aspe- 
cialiy  important.  As  discussed  earlier,  different  combinations  of  data  and  code 
topology  require  different  decomposition  approaches.  The  previously  mentioned 
FORGE’"^  analysis  tool  is  a  suitable  analysis  tool  for  FORTRAN  source  code 
destined  for  Intel  hypercubes. 

Based  Oil  the  code  analyses,  target  computer  architecture,  and  other  less 
tangible  factors  one  chooses  a  basic  form  for  the  decomposition  (control  or 
domain)  and  proceeds.  As  alluded  to  previously,  control  decomposition  is  nor- 
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mally  UB«d  when  there  ia  little  independence  emong  the  varioua  data  elementa, 
the  routines  used  for  a  given  element  cannot  fit  in  the  available  memory,  and/or 
the  routines  used  vary  depending  on  the  data  input.  Domain  decomposition 
ia  more  appropriate  for  situations  where  different  data  elements  may  be  pro¬ 
cessed  independently,  and  the  routines  called  are  similar  (or  they  can  all  reside 
simultaneously  in  each  node’s  memory). 

Given  a  generic  decomposition  method,  in  general,  a  host  routine  must  be 
written  which  loads  the  node  routine(8)  and  passes  the  input  and  output  data 
to/from  the  individual  nodes.  The  routines  from  the  serial  code  must  be  di¬ 
vided,  and  control  routines  added  to  control  the  timing  of  their  execution,  the 
receiving  and  sending  of  data,  and  error  handling.  Extreme  care  must  be  taken 
to  understand  the  changes  made,  or  erratic  results  may  occur  which  have  no 
apparent  cause. 

G  The  Task 

The  Air  Force  Institute  of  Technology  and  the  Wright  Laboratory  have  Intel 
iPSC®/2  and  iPSC©/860  hypercubes.  These  computers  are  based  on  up  to 
128  interconnected  nodes  consisting  of:  an  Intel  80386  or  iSCO  microprocessor, 
a  numeric  coprocessor,  a  separate  communications  processor,  and  8-16  Mbytes 
of  memory.  Each  node  can  operate  as  an  independent,  self-contained  computer, 
autonomously  pcrft^irming  as  many  tasks  as  its  memory  will  allow.  In  addition, 
it  can  communicate  with  its  neighbors  through  the  communications  processor 
and  interconnection  network.  This  allows  it  to  coordinate  its  activities,  share 
data,  and,  if  necessary,  load/execute  new  programming  in  order  to  work  on  a 
different  piece  of  a  given  problem.  This  hardware  allows  flexibility  and  high 
total  throughput  while  maintaining  relatively  low  cost. 

The  iPSC®’s  nodes  are  also  connected  to  a  Tront-end”  80386-based  com¬ 
puter.  The  host  has  the  responsibility  of  sending  programming  and  data  to  each 
of  the  nodes,  collecting  any  returned  data,  and  serving  as  the  conduit  for  all 
communicationo  between  the  nodes  and  external  entities  such  as  the  user,  disk 
drives,  and  other  computers. 

On  the  iPSC©,  if  a  node  needs  to  use  data  that  is  resident  on  a  dilferent 
node,  it  must  first  request  the  data.  Then  tne  possessing  node  must  explicitly 
receive  and  interpret  the  request,  and  bo  programmed  to  retrieve  and  send  tlie 
requested  data  back  to  the  requesting  node  in  a  tike  manner.  The  requesting 
nodi  must,  again,  explicitly  receive  the  data  (1,  32].  The  overhead  incurred  in 
setting  up  an  appropriate  data-link  can  be  a  hundred  Umes  longer  than  the  time 
for  a  typical  sequential  FORTRAN  statement  execution. 

The  code  to  be  modified  is  NECQSC,  a  high-frequency  scattering  code  ini¬ 
tially  written  to  evaluate  antenna  placement  on  the  space  station.  As  such,  it 
allows  multiple  objects,  antennas,  and  radiation  sources  to  interact.  It  makes 
far-  or  near-fleld  calculations  of  the  energy  reaching  a  specified  observation  point 
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Figure  I:  Blorl  Diagram  of  NECBSC 


from  spccined  angles,  or  can  compute  antenna  coupling.  The  code  traces  the 
path  from  each  for-zone  receiving  direction  backwards  through  each  possible 
scattering  path  to  each  of  the  sources.  It  also  has  the  capability  to  measure  the 
total  near-zone  fields  for  a  series  of  points  along  a  sjjeciiied  path  through  space. 
Antenna  coupling  is  accomplished  similarly  with  the  receiver  antenna  defined 
in  terms  of  its  freo-ficld  antenna  pattern,  the  intensity  of  the  fields  arriving  in 
a  given  direction  modified  by  the  appropriate  gain.  Shadowing  is  taken  into 
account,  and  diffraction  terms  ore  calculated  to  smooth  discontinuities. 

The  NECDSC  code  U  urganized  with  a  lengthy  input  parsing  routine  followed 
hy  a  computation  section  composed  of  a  series  of  nested  doloops,  with  the  outer 
loops  varying  the  pattern  points.  Inner  loops  calculate  all  the  relevant  scattering 
turm.<t  for  all  of  the  objects  and  sources.  A  block  diagram  is  included  os  Figure  I 
[4,  24],  Input  is  from  a  disk  file  containing  tv^o-Ietter  command  codes,  followed 
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by  llic  required  data  for  that  object,  pattern,  choice,  etc.  Multiple  “runs"  can 
be  stacked  in  the  input  deck  to  allow  unattended  continuous  computing  Output 
is  normally  tabular  in  format  with  header  information  which  echoes  the  input 
deck  ir.  n  presentable  format.  This  standard  output  can  bo  sent  to  the  screen, 
printer  or  disk.  Optionally,  a  file  of  plot  data  in  a  standard  binary  form  can  be 
selected. 

Given  the  iPSC®  computers  as  the  target  environment  and  NECDSC  as 
the  software  to  be  translated,  the  task  is  to  distribute  the  problem  among  the 
jKoccssors  such  that  the  processors  are  efllciently  and  continually  tasked  (max¬ 
imum  cnicicncy),  with  a  minimum  of  modification  to  the  inherent  structure  of 
NEC13SC  and  maintaining  the  program  accuracy  and  interface. 

7  Methodology 

I'br  this  task,  an  incremental  approach  to  modirication  is  indicated,  in  order 
to  minimize  the  potential  for  introducing  errors  into  the  algorithm.  After  each 
successive  stage,  several  of  the  test  coses  provided  with  the  NECUSC  docu¬ 
mentation  arc  executed  and  timed  for  comparison.  The  generic  stages  of  the 
aiialysis/tnodirication  are  shown  below: 

•  Run  soquentialiy  on  VAX  it,  iPSC®  host. 

•  Run  sequentially  on  single  iPSC®  node. 

•  Develop  host  control  program. 

•  Incorporate  node  timing  routines. 

s  Divide  domain  by  sweep  angle,  output  data  into  n  files,  postproccss 

niultipie  data  files  on  host. 

OiJtional,  depending  on  previous  performance: 

•  Output  individual  line-s  of  data  via  messages,  concurrent  insert  sort  on 

host. 

•  Hurst  transmit  output  data,  sort  on  host  or  free  node. 

•  Passive  balancing  -  rotation  of  starting  index  between  nodes. 

•  Overt  load  balancing;  Message  sent  on  node  completion,  free  node  works 

backwards  on  working  node’s  data,  etc. 
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8  lu-Progress  Results 

Tlic  KP.rial  NECBSC  code  complied  and  ran  successfully  on  a  VAX,  the  iPSC©/V. 
liost,  and  a  single  node  of  each  of  the  /2  and  the  /860  computers.  The  only 
anomalies  were  that  the  titning  routines  were  incotiiputiblc  with  nil  these  coni- 
!>utec8,  and  the  iPSC®/800  32  bit  precision  is  better  than  the  VAX  example 
runs  in  the  documentation.  Formal  timing  runs  will  be  completed  when  the 
basic  parallel  implementation  is  operational. 

An  attempt  to  analyze  NECUSC  with  FORGE’^*'  was  disappointing.  The 
manual  claims  it  is  compatible  with  FORTRAN  77,  yet  will  not  allow  the  in¬ 
clusion  of  data  statements  with  complex  argumcnts-which  are  allowed  by  all  of 
the  compilers  used  to  dale.  The  offending  toultnes  must  be  excluded  or  modi- 
ficd  to  con'form  to  FORGE^^  F77  before  a  database  can  be  created.  Even  so, 
FOllGE^^'  has  another  bug  that  causes  a  core  dump  when  processing  some  of 
the  larger  NECDSC  files  (d  files,  largest:  21BKB),  presumably  Bumchow  related 
to  the  code  length  or  memory  requirements. 

The  basic  host  program  development  is  almost  complete,  with  ruii-tiinc  user 
input  for  the  name  of  llio  input  file,  timing  routines,  and  message  passing  to  the 
nodes  iinplcinciitcd.  Only  the  output  data  file  collation  routine  remains  to  be 
written  to  complete  a  basic  implementation.  The  node  routines  contain  most  of 
the  original  NECUSC  routines  witii  message  passing  and  liming  routines  added 
and  tlic  outer  loop  variable  indexed  by  node  number,  creating  separate  output 
files  for  each  node. 

Perhaps  the  most  disappointing  result  to  date  is  that  indexing  the  outer  loop 
which  spans  the  “volumetric  angles”  does  not  result  in  evenly  divided  output 
files,  os  it  uliould.  Tlic  file  from  the  first  node  is,  consistently,  approximately 
five  times  os  large  os  the  remaining  files.  F'urther  investigation  disclosed  that 
the  azimuth  sweep  index  was  incremented  in  a  loop  tlircc  levels  deeper  in  the 
nest  (“pattern  cuts"  in  Fig  1).  Dividing  the  work  at  this  point  in  the  code  was 
successful,  but  the  output  files  were  indexed  by  other  variables,  depending  on 
the  input  deck;  a  simple  fix  was  not  evident. 

Due  to  tlie  large  number  of  modifications  apparently  necessary,  and  the 
rising  risk  of  introducing  an  error  into  the  code,  we  elected  to  back  up  a  step 
and  introduce  the  indexing  in  the  command  processor  section.  This  involves 
modifying  several  routines  which  initialize  the  indexed  variables  such  that  each 
node  processes  only  the  data  points  desired.  With  this  approach,  the  input  deck 
for  each  node  is  modified  to  request  only  a  portion  of  the  problem  be  computed 
on  each  node.  The  indexing  is  ouch  that  eacli  successive  angular  increment  ic 
on  a  different  node  in  an  attempt  to  divide  up  any  computationally  intensive 
regions.  An  appropriate  method  for  decomposition  of  the  antenna  coupling 
option  remains. 

A  lesser  problem  is  that  the  Green  Hills  F77  compiler  has  no  capability  for 
recording  elapsed  time  on  the  host.  Getting  a  true  elapsed  time  would  involve  an 
assembly-language  or  C  routine,  which  may  not  be  portable  between  machines. 
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The  timing  data  will  therefore  telicct  only  the  process  time  on  the  host,  not  the 
total  clapncd  time. 

U  Conclusions 

Concurrent  computers  and  the  iPSC®  hypcrcubca  have  many  idcosyncracics 
that  have  to  be  taken  into  account  when  writing  or  modifying  code  for  them, 
but  there  arc  tools  available  to  help  in  this  process.  One  can  code  from  scratch, 
take  the  domain-  or  control-decomposition  approach  to  sequential  program  con¬ 
version,  or  allow  a  commcrcially-avaitablc  vectorizing  compiler  to  control  the 
parallelization  task.  In  the  end,  it  is  up  to  the  individual  programmer  to  an¬ 
alyze  the  problem,  its  data,  and  make  the  controlling  decisions  about  how  to 
effect  the  required  parallelization.  The  specific  task  of  modifying  NECUSC  for 
the  AFIT  and  Wright  Laboratory  hypcrcubcs  is  progressing,  with  an  estimated 
completion  date  of  15  May  01. 
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SIMULATION  OF  SITF  OBSTRUCTION  EFFECTS  ON  THE  PERFORMANCE 
OF  A  HIGH  GAIN  ANTENNA  USING  NEC-BSC2 


A.M.  Uucceri,  J.C.  Harper  and  E.  Hertz 
Unisys  Defense  Electronics 
Great  Neck,  NY  11020 


Abstract  -  Obstructions  in  the  field  of  view  of  an  antenna  result  in 
degraded  sidolobe  uerforniance  and  loss  of  gain.  The  degradation  is 
caused  by  antenna  blockage  and  scattered  fields.  For  obstacles  larger 
than  one  wavelength  in  cross  section  these  fields  may  he  efficiently 
calculated  using  a  conbination  of  geometric  optics  and  GTU/UTD  as 
implemented  in  NEC-0SC2  code. 

The  evaluation  of  high  gain  antenna  performance  in  the  presence  of 
obstacles  is  presented.  Modelling  techniques  are  discussed  for  a 
specified  site  and  for  antennas  with  large  apertures.  An  example  is 
presented  which  shows  the  effects  of  site  modifications  with  simple 
radar  absorbing  materials.  In  addition,  a  computer  graphic  simulation 
is  presented  which  shows  the  far-fiold  pattern  perturbations  as  the 
antenna  is  rotated  in  azimuth  360°. 

Introduction  -  Modern  radar  applications  often  require  high  gain 
antennas  with  low  sidolobe  performance.  However  the  placement  of  the 
antenna  on  a  site  with  obstructions  can  severely  degrade  the  realized 
antenna  performance.  Typically,  for  high  gain  antennas,  this 
performance  degradation  can  bo  attributed  to  obstructions  in  the  near 
field  which  are  large  compared  to  wavelength.  For  these  obstacles 
which  <are  in  the  optical  region,  utilization  of  the  Geometric  Optics 
and  Geometric  Theory  of  Diffractions/Uniform  Theory  of  Diffraction 
(GTO/UTD)  are  the  most  efficient  computational  approaches.  These 
techniques  have  been  implemented  in  the  Numerical  Electromagnetic  Code 
-  Basic  Scattering  Code  (NEC-USC2)  developed  at  Ohio  State  University 
ElectroScience  Laboratory  and  sponsored  by  NOSC. 

NEC-USC2  and  NEC-HOM  as  well  as  other  codes  form  the  computational 
core  for  the  antenna  analysis  workstation.  Pre-  and  post-processing 
routines  aid  In  generating  input  files  and  perform  far-field  pattern 
analysis  and  data  reduction.  The  edit  and  graphic  capabilities  of  the 
Apol'lo  computer  networked  with  the  Alllant  super-minicomputer  as  an 
Interactive  workstation  permits  efficient  parametric  studies  for  the 
realized  antenna  performance  in  a  realistic  site  environment, 
eutomated  input  file  editing  and  run  stream  maiiagsment  generates  a 
sequence  of  far-field  calculations  producing  a  striking  visualization 
of  the  aritciirid  pcrfuriiidnco  as  it  is  rotated  through  360  uegvees  in 
azimuth. 
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Antenna  Workstation  Impleinentation  -  Technique*,  available  for  the 
solution  to  the  scattering  of  electromagnetic  fields  by  an  object 
include:  Geometric  Optics  (GO),  Geometric  Theory  of 
Diffraction/Uniform  Theory  of  Diffraction  (GTD/UTD),  Plane  Wave 
Spectra  (PWS),  and  the  Method  of  Moments  (MOM).  Those  techniques  rely 
on  certain  physical  assumptions,  each  with  advantages  and 
disadvantages  in  its  applicability  to  various  classes  of  problems. 

Low  frequency  methods  such  as  the  Method  of  Moments  are  effectively 
used  for  objects  (or  sources)  whose  characteristic  si/e  is  in  the 
Rayleigh  (small  compared  to  wavelength)  or  Mie  (resonant)  regions. 

High  frequency  methods  such  a  GTD/UTD  are  used  ■*'or  objects  whose 
characteristic  size  is  in  the  optical  region  (larger  than  a 
wavelength).  Here  input  models  for  objects  can  be  constructed  from 
simple  canonical  shapes  (plates,  cylinders,  etc). 

NGC'13SC2  and  NtC-MOM  are  among  the  "engines"  for  the  antenna  analysis 
workstation.  The  Apollo/Alliunt  coinpuHng  envirnimients  are  combined 
with  the  advantages  of  page  editing,  program  control  scripts,  and 
graphics  along  with  the  significantly  reduced  execution  times  for 
computationally  intensive  simulations.  An  interactive  workstation 
environment  was  implemented  and  is  flow  charted  In  Figure  1.  Several 
"Shell"  routines  or  scripts  Invoke  utility  programs  for  execution, 
data  transfer  and  reduction,  pattern  analysis,  and  graphics.  For 
example,  the  shell  script  used  to  generate  a  sequence  of  input  files 
i'or  a  visualization  roquires  for  input  the  seed  file  name,  the  range 
of  antenna  pointing  angles  and  the  angle  increment.  Subsequent l.y, 
when  executed,  the  input  files  together  with  the  respective  NtC-HSG2 
code  command  data  will  be  automatically  generated  for  the  visualiza¬ 
tion  input  file  suquence.  Ihis  and  other  scripts  significantly  reduce 
the  instruction  set  needed  by  the  user  to  display  results  graphically, 
generate  visualizations  and  thereby  allow  concentration  on  the  design 
process  in  a  time  efficient  manner. 

Performance  bvaluation  for  Hich  Gain  Antonna  -  To  demonstrate  the 
capabilities  of  the  antenna  analysis  workstation  concept  a  generic 
topside  naval  arrangement,  shown  in  Figure  2  was  chosen.  The  dominant 
contributors  to  antenna  sidelobe  degradation  are  large  objects  located 
closn  to  the  antenna.  For  the  dotermination  of  sidelobe  performance 
in  the  azimuth  plane,  the  scatterers  are  the  ship's  mast  and  two 
obstacles  located  aft.  The  characteristic  size  for  these  obstructions 
is  grater  than  a  wavelength  allowing  the  use  of  optical  methods.  The 
NI;C-B3C2  code  is  well  suited  to  this  task.  These  obstacles  are 
specified  as  conducting  cylinders  and  located  relative  to  the  antenna 
as  shown  in  the  figure, 

Lvaluating  the  geometric  relationship  of  the  obstacles  and  the  antenna 
performance  requirements,  it  was  determine  that  azimuth  sidelobes 
would  be  most  perturbed  by  the  scattered  fields.  Since  this  geometry 
limits  the  interaction  calculations  to  tiie  azimuthal  plane,  the 
problem  is  simplified  to  a  two-dimensional  analysis  and  the  aperture 
of  the  antenna  may  be  collapsed  to  an  equivalent  line  source.  The 
line  source  model  is  arrayed  with  52  Taylor  weighted  dipole  sources  to 
realize  -35dB  peak  sidelobe  level.  The  line  source  array  may  be 
further  subdivided  into  subaperturos  provided  that  each  obstacle  is  in 
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the  far-field  of  the  subaperture  for  which  Interactions  are  being 
considered.  Through  this  technique  further  significant  savings  in 
computer  run-time  were  achicvel.  figure  3  illustrates  the  ideal  far- 
field  azimuth  pattern  simulated  by  this  antenna  computer  model  and  the 
printed  data  from  the  automated  post-processing  analysis. 

Pattern  calculations  for  antenna/obstacle  interactions  are  shown  in 
Figure  4  for  the  antenna  directed  at  each  of  the  three  dominant 
scatterers.  These  results  shov/  that  sianificant  performance 
degradation  occurs  when  the  antenna  is  looking  directly  at  the  mast 
which  is  relatively  large  and  closely  located.  Contributions  from 
those  obstacles  which  are  smaller  and  more  remotely  located  are 
appreciably  loss. 

In  considering  the  mast  as  the  most  significant  antenna  performance 
degrador,  Figure  5  compares  the  realized  antenna  performance  to  the 
ideal  far-field  pattern.  The  degradation  observed  in  this  comparison 
is  attributed  to  two  dominant  mechanisms.  First,  high  near-in 
sidelobes  and  gain  loss  result  from  the  physical  blockage  in  the 
antenna's  field  of  view.  Second,  high  far-out  sidelobes  arise  from 
the  scattered  field  of  the  mast,  lor  this  case,  the  antenna  gain  loss 
is  calculated  to  be  -3.7  dU,  the  near-in  sidelobes  increase  from  -35 
db  to  -11. 1!  dU,  and  the  HMS  value  for  the  far-out  sidelobes  over  the 
region  from  30''  to  180°  off  the  beam-pointing  direction  increase 
significantly  from  -58  dll  to  -33  dll. 

A  simple  planar  absorber  mounted  between  the  antenna  and  mast  is 
modeled  into  the  computer  simulation  providing  a  far-field  pattern  for 
comparison  with  the  anlenna/mast  pattern  in  Figure  6.  Although  there 
Is  little  improvement  in  gain  loss  or  near-in  sidelobe  levels,  tlie  RMS 
sidfelobe  level  for  the  far-out  region  significantly  improves  by  -12  dll 
to  -45  dU.  The  variation  in  RMS  sidelobe  level  with  the  mast  bearing 
angle  relative  to  the  antenna  is  plotted  in  Figure  7  for  the 
antunna/mast  interactions,  both  with  and  without  the  inclusion  ot  the 
absorbing  panel,  and  shows  the  improvement  in  far  out  sidelobes  when 
the  mast  is  near  broadside  to  the  antenna. 

Conclusion  -  The  Nuiiiorioal  Electromaynelic  Codes;  NEC-BSC2  and  NiC-MOM 
are  integrated  into  the  workstation  environment  providing  efficient 
siiriulation  for  a  high  gain  antenna  and  its  interactions  with  local 
scatterers.  Ihe  siting  study  demonstrates  the  viability  of  this 
computer  tool  for  analyses  and  graphic  visualizations  as  well  as 
demonstrating  realized  purformance  of  a  coimnon  shipboard  siting 
situation. 
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Bistatic  Physical  Optics  Scattering  from  a 
Surface  Described  by  an  Electromagnetic  or 
Acoustic  Impedance  Boundary  Condition 
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Abitract 

The  complete  icattering  matrix  for  bistatic  scattering  from  an  arbitrary 
planar  surface  in  the  physical  optics  approximation  has  beeiv  obtained  for 
the  case  of  a  surface  described  by  an  impedance  boundary  condition.  The 
analogous  case  of  acoustic  scattering  at  an  impedance  boundary  in  the  local 
reaction  approximation  is  shown  to  be  identical  in  form  to  either  one  of  th'* 
diagonsd  elements  of  the  electromagnetic  scattering  matrix.  The  only  di'Vc- 
ences  between  the  acoustic  and  electromagnetic  cases  are  in  a  factor  depending 
on  azimuth  angle  utd  in  the  form  of  the  reflection  coefficient  obtained  from 
the  fVetnel  eituation  relating  impedance  and  reflectance.  Although  obtained 
under  the  assumption  of  validity  of  the  impedance  boattdary  condition,  the 
results  are  functions  only  of  the  complex  reflection  coefficients,  not  the  surface 
impedance. 


1  Introduction 

The  most  widely  used  computational  method  for  predicting  the  scattering  of  electro- 
msgnet'c  radiation  from  targets  of  arbitrary  shape  is  that  of  physical  optics  (PO), 
combined  with  the  physical  theory  of  diffraction  (PTD).  The  physical  optics  approx¬ 
imation  for  electromagnetic  scattering  is  obtained  from  the  Stratton- Chu  integral 
equation,  an  exact  integral  form  of  Maxwell's  equatioiu,  by  replacing  the  integral 
equation  with  an  integral  over  the  surface  of  the  target.  In  the  analogous  acoustics 
case  a  high-frequency  approximation  can  be  obtained  from  the  Helmholtz  integral 

This  work  wss  supported  bv  the  Defcosc  Advanced  Rcscaicu  Projects  Agency  under  contract 
MDAt72-89-C-0014. 
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equation  [1],  This  paper  deacribei  the  results  of  an  investigation  of  the  similari¬ 
ties  and  differences  between  high-frequency  acoustic  and  electromagnetic  scattering, 
and  in  particular  the  possibility  of  ctdapting  existing  high-frequency  electromagnetic 
scattering  codes  to  the  problem  of  predicting  acoustic  target  strength. 


2  Electromagnetic  Bistatic  Physical  Optics  For¬ 
mulation 

In  the  physical  optics  approximation,  the  E  and  H  fields  scattered  by  .a  surface  S 
are  given  by 


and  _ 

H.  =  j^[n  5<  E’’  -h  x  H^')  x  k.]e''''  ''ds'  (2) 

Equations  (1)  and  (2)  are  based  on  the  far  field  approximation  as  well  as  the  tangent 
plane  approximation.  The  notation  is  the  same  as  used  by  Ruck  et  al.  [2],  except 
for  a  time  convention  C'’"*.  If  the  target  surface  can  be  described  by  an  impedance 
boundary  condition,  with  surface  impedance  2,  then  the  total  fields  at  the  surface 
and  are  related  by 


n  X  (fi  X  E^)  =  -2(n  x  H^)  (3) 

or 

(fi  X  E^)  =  2n  X  (ii  X  H^)  (4) 


so  that  (1^  d  (2)  become 


and 


H,  =  («‘  X  H’’)  +  2o(n  x  H^)  x  k.je’*^''''*' 


(6) 

(6) 
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where  Zo  =  yjfia/fo  impedance  of  free  space.  At  the  surface  of  tlie  scatterer 

the  total  fields  cuu  he  expressed  iu  terms  of  the  incident  and  scattered  fields  b^' 
means  of  the  reflection  coefllcients  Ri,  and  /J||,  which  ate  related  to  the  surface 
impedance  Z  by 


ami 


Z  COB  Oi  —  Zq 
Z  COB  Oj  +  Za 


Zit  cos  9i  -  Z 
Zoconffi  4-  Z 


(V 

(8) 


Z  _  _1_ 

Zo  “■  (1  -  idj.)  cOBS' 

1  4  /d|| 


where  6i  is  the  angle  of  incidence  measured  from  the  nurinal  to  the  surface. 

If  now  a  local  coordinate  system  is  dufiued  such  that  the  scattering  surface  is 
tangent  to  the  (x,  y)  plane,  with  normal  n  iu  the  z  direction,  the  complete  scattering 
matrix  for  radiation  of  arbitrary  polarisation  takes  a  particularly  simple  form.  The 
rcllectiou  cocUlcicnts  Rx  and  id||  of  Eqs.  (7)  and  (8)  describe  the  scattering  of  radi¬ 
ation  polarized  with  E  Held  or  11  field  tangent  to  the  scattering  plane,  respectively. 
That  is,  ill  Eqs.  (5)  and  (0)  either  Ej  or  Hi  may  be  taken  to  be  polarized  in  the 
direction.  Because  of  the  frce-spuce  relationship  between  E  and  H  this  is  equivalent 
to  working  with  either  E  or  H  resolved  into  components  in  the  0  and  0  directions. 
With  this  convention,  a  plane  wave  incident  on  the  surface  may  be  described  by 


Ei  r- 

(10) 

Hi  = 

(^1) 

The  relationship  between  incident  and  scattered  fields  is  then 


E;  =  RxEi 

m 


(12) 

(13) 
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■o  that  (S)  and  (6)  may  be  written 


E.  =  ~  iii) co« Otn  X  (ii  x  i^;) 

+  (14) 

and 

H.  4^®  ~  ■‘^11^  ^  ^ 

+  (1  f  ;e||)(ri  x  ^-i)  x  k.Jc>*i^‘+'‘>''djp'  (15) 

If  the  Kcatturiiig  uurfucv  is  jilanar,  the  scattered  Helds  become 

K,  -  ii’ol(l  -  fti)co8fiiU  X  (il  X  ijii)  +  (1  +  /f  L)(n  X  <i>i)  X  k,)6'  (16) 

and 

H.  /fo[(l  -  Ii:||)cosfliU  X  (A  X  -h)  +  (1  +  «,|)(fi  X  0.)  X  ii.li’  (17) 

wlicrc 

S  =  (18) 

itrJi  Js 

It  is  now  a  straightforward  Init  somewhat  tedious  exercise  in  vector  algebra  to  show 
that 

5||||  =  ■</,./ Ii, 

=  ((/7||  —  1)  cus  fl,- T  (77||  4- 1)  cos  fl,)  cos(^,  -  <^i)i’  (19) 

=  E,(0i)  • 

=  [(-^i.  —  1)  cos  ffj  COB  H  (iij.  +  l)|Biu(<^,  -  (j>i)S  (20) 

i’jii  H.(0i).<9.///„ 

=  [(7i||  —  1)  COB  Hi  cos  tl,  +  (/i||  +  1))  Bin(^,  —  (21) 
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(22) 


=  [(/£x  -  1)  coi  +  (/ix  +  1)  coi  0,]  co«(^,  -  <jii)S 


are  the  elementi  of  the  acatieriag  matrix  S„  ■uch  that 


<r„  =  4irl5„|’ 


(23) 


give!  the  croit  section  for  any  combination  of  receiver  and  tranumitter  polarizations. 

For  a  perfectly  conducting  surface,  Rj_  =  —I  and  ii||  ^  1,  so  that  (19)  tlnough 
(22)  become 


=  25  cos  8,  coa(<l>,  —  <)>{) 

(24) 

5||i, 

=  —26'  cos  8i  cos  8,  sinf^,  —  ^() 

(26) 

i'xll 

=  26’  iin(^,  -  <l>i) 

(26) 

^11 

=  —26’  cos  8i  cai{<j>,  —  if>i) 

(27) 

in  agreement  with  results  previously  obtained  for  bistatic  scattering  from  planar 
perfectly  conducting  surfaces  [3],  |4|. 

As  a  further  check,  it  can  be  noted  that  for  tlie  cose  of  backscattcr,  0,  =  8i  and 
(^,  =  <j>i,  and  Eqs  (10)  through  (22)  become 


=  2/i||cosflj 

(28) 

6'||i 

=  0 

(29) 

•Sxii 

=  0 

(30) 

5xi 

=  27dx  cos  Sj. 

(31) 

These  results  do  not  contradict  those  of  Ruck  el  al.)2j,  Eqs.  (2.2-87)  and  (2.2-88), 
which  have  non-vanishing  off-diagonal  scattering  matrix  elements.  The  results  in  [2J 
were  obtained  relative  to  a  different  coordinate  system  than  that  used  in  the  present 
work,  and  do  reduce  to  the  form  given  by  Eqs.  (28)  through  (31)  when  expressed 
in  the  same  coordinate  system. 
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3  Acoustic  Bistatic  Physical  Optics  Scattering 

In  order  to  arrive  at  the  acouitic  analog  of  the  above  equation!  it  ia  neceiiaty  to  go 
back  VO  the  integral  equation  form  of  the  icolar  Uelmholtz  equation  analogoui  to 
the  Stratton-Chu  equation  fur  electromagnetic!.  In  thi*  equation  the  field  quantity 
ic  the  velocity  potential  the  icattered  field  at  a  point  r  ii  given  by  [6J,  [7] 


„-J*«  Q  1 


(32) 


The  quantity  R  ii  the  magnitude  of  the  distance  from  a  source  point  r'  un  the  surface 
S  to  the  observa'ion  jioint  r,  and  n  is  the  normal  to  the  surface,  h'or  a  harmonic 
wave  with  time  dependence  e^“‘  the  impedance  boundary  condition  analogous  to 
Eqs.  (3)  and  (4)  for  the  electromagnetic  case  is  [8j 


8V  ^ 

dn  2 


(33) 


where  2  is  the  acoustic  impedance  and  p  is  the  density  of  the  fluid  outside  the 
boundary  5  The  normal  derivative  in  the  first  term  in  Eq.  (32)  may  be  written  [5] 


8 

8n~R~ 


(34) 


so  that  (32)  becomes 


(35) 


where  le  =  w/c  is  the  wavenumber  and  c  the  soundspeed  in  the  fluid  witli  density 
p.  The  quantity  V’(r')  represents  the  total  field  at  the  surface.  In  the  local  reaction 
approximation,  analogous  to  the  tangent  plane  approximation  of  electromagnetic 
physical  optics,  the  total  field  at  a  point  on  the  surface  utay  be  wrilien  as  the  sum 
of  incident  and  scattered  fields  /(r')  =  V)  +  V)  =  hr(H-  related  by  the  reflection 
coefficient  [9J 
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I 


Z  con  6f  ~  pc 
Is  col  fl,  4-  pc 


(36) 


where  Z  ii  the  acuuntic  impedaucc  defined  hy  Eq.  (33).  Thii  may  be  lolvud  for  Z 
to  yield 

M  X  1 

(37) 


Z  ^  +  7fa)  pc 


(1  -  ffj)  tui  6i 

which  when  lubstitutcd  into  (35)  givei 

jk 


■jk  / 

l'.(r)=  j(,[(;t.-l)co.tfi4  (/i«  +  l)co.fl.lV'(f')-^r'^'’' 


Aiiuiniiig  the  incident  field  to  be  the  plane  wave 

^(r')  = 


(30) 


where  Uo  ii  the  magnitude  of  the  incident  field,  and  making  uie  of  the  far-field 
approximation  used  in  deriving  Eqs.  (1)  and  (2),  we  have 


(40) 


or 

v.  =■•  Vo  l(«a  -  1)';«“0.  +  {IL  4  l)coKt»,)6'  (41) 


where  S  is  exactly  the  same  as  Eq,  (18),  the  physical  optics  iutegral  for  the  electro¬ 
magnetic  case.  Except  fur  the  axiiuuthal  factor  coo(^,  -  Eq-  (41)  is  the  same 
as  either  Eq.  (19)  or  (22),  the  diagonal  elements  of  the  scattering  matris  fur  the 
electrOiiiagnetic  case. 

Eor  an  acoustically  soft  body,  Z  0,  =  —  1,  and  (41)  becomes 

•^1  =-26’ cos  Si  (42) 

Eg  1,0/ c 


while  for  an  acoustically  hard  body,  Z 


V 

bg  hard 


oo,  Wo  =  -fl,  and 

26’  COB  6, 


(43) 
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Tlicsa  ruaults  arc  cuinplctely  analogous  to  the  corrcipoiiJing  cIcctroiuaKiiutic  ex¬ 
pressions  (24)  and  (27).  In  the  special  ease  of  hackscuttcr,  0,  9i,  ijt,  =  ti>i,  and 


V.  2Koii,5cosfl( 


(44) 


again  completely  analogous  to  the  corresponding  elcctroningnelic  expressions  (28) 
or  (HI). 

Figure  1  compares  the  physical  optics  electromagnetic  uid  acoustic  bistatic  scat¬ 
tering  patterns  fur  u  squisrc  plate  two  waveleiigthi  on  a  aide.  The  {date  is  in  the 
(x,y)  plane  with  with  sides  parallel  to  the  x  and  y  axes.  Incidence  is  in  the  (x,r) 
]ilane  at  4S"  elevation. 


4  Numerical  Examples  and  Conclusions 

Figures  2  and  3  show  cuinparisuns  of  the  results  obtained  with  the  methods  presented 
above  and  method  of  momenta  calculations  fur  bistatic  scattering  from  ka  =  12  per¬ 
fectly  conducting  (acoustic  hard  and  soft)  circular  cylinders.  Figures  4  and  5  show 
similar  comparisons  for  a  ka  =  12  circular  cylinder  with  an  impedance  boundary 
condition  with  Z  10000/0.  In  this  cose  it  is  the  TM  polarisation  that  is  equiv¬ 
alent  to  the  acoustic  IIIC.  In  three  dimensions,  coinparisous  were  made  between 
method  of  moments  and  physical  optics  results  for  a  ka  —  10  sphere.  Computa¬ 
tional  models  used  are  shown  in  Fig.  ti,  and  Fig.  7  shows  the  principal  plane  cuts 
used  for  the  bistatic  patterns.  Results  ate  shown  in  Figs.  8  and  9.  Although  not 
presented  here,  all  method  of  moments  results  were  in  essentially  exact  agreement 
with  series  solutions  in  both  the  two-  and  three-dimensional  coses. 

In  view  of  the  above  results,  it  can  be  concluded  that  high  frequency  (pliysicol 
optics)  codes  for  bistatic  electromagnetic  scattering  cun  be  adapted  to  the  acoustic 
case  with  only  very  tninoi  changes.  The  changes  required  arc  actually  simplinc.’i- 
tions,  in  that  the  acoustic  analog  of  the  electromagnetic  bistatic  scattering  matrix 
is  a  single  term,  equivalent  to  and  slightly  simpler  than  either  one  of  the  diagonal 
elements  of  the  electromagnetic  matrix. 

The  acoustic  scattering  formulation  should  have  the  same  range  of  validity  as 
the  electromagnetic,  with  two  additional  caveats.  The  Stratton-Chu  electromagnetic 
integral  equation,  the  starting  point  fur  the  physical  optics  integrals  (1)  and  (2)  is 
in  principle  exact,  as  it  is  the  integral  form  of  Maxwell’s  equations.  The  acoustic 
Helmholtz  equation,  on  the  other  hand,  is  based  on  a  linear  approximation  to  what 
is  actually  a  nonlinear  problem.  In  addition,  both  the  electroiuagnetic  and  acoustic 
results  are  based  on  the  validity  of  the  impedance  boundary  condition.  It  is  possible 
that  this  approximation  has  a  different  range  of  validity  for  the  acoustic  than  for 
the  electromagnetic  case. 
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It  ii  inlei’ckting  to  note  that  althoagh  both  the  icouitic  and  electiomagAetic  cuec 
•tudied  in  the  work  reported  here  make  uie  of  the  impedance  boundary  condition,  in 
the  final  remit  it  ii  not  the  luiface  impedancu  but  the  complex  refiection  coefficientii 
that  appear.  It  ia  poatible  that  the  reiulta  preaented  here  have  more  general  validity 
than  would  be  expected  from  the  starting  conditions,  edthough  this  ia  still  to  be 
determined. 
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Figure  5:  Bistatic  scattering  from  a  circular  cylinder,  ka  =  12,  TM  polarization, 
IBC  Z  =  lOOOfl/D,  (equivalent  to  acoustic  IBC). 


Figure  6i  Computational  targets  for  blstatic  scattering  from  sphere.  Tlie  PC 
sphere  contains  71,876  facets,  and  the  MoM  sphere  5302  facets. 


Figure  7 :  Conventional  principal  plane  cuts  for  electromagnetic  bistatic  scattering. 
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Figuif  8;  Bistatic  scattering  from  perfectly  conducting  sphere,  ka=10,  E  plane 
cut. 
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Fil'ure  9:  Bistatic  scattering  frc.  -.  perfectly  conducting  sphere,  ka— 10,  H  plane 
cut. 
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Abstract  -  A  hybrid  finite  element  formulation  for  three-dimensional  elec- 
tiuinagnetic  >  ttenng  is  given  using  an  e<]ui valent  current  approach.  A  new 
method,  uliliring  a  body  of  revolution  (UOK)  formulation,  is  prex.’nted  to 
terminate  the  liuite  element  uicsh  and  to  implement  the  near  held  radiation 
condition.  This  HOR  implementation  utilises  Hcrmite  cubic  basis  functions 
and  a  variable  ut  >ber  of  modes  per  basis  function  to  achieve  the  greatest  cum 
putatiunal  cfticiency.  1  he  combined  held  integral  equation  formulation  is  em¬ 
ployed  to  eliin'nate  non-physical  resonances  of  the  mesh  boundary.  Examples 
are  given  showing  such  non-physical  resonance  behavior  and  its  elimination  as 
well  as  the  accuracy  of  the  solutions  generated  by  this  hybrid  tiiiilc  element 
method  for  bare  and  partially  coatcsl  |M‘rfet  I  ehvtrical  conductors. 

INTRODUCTION 

Einite  element  nxAliods  (EEM)  are  widely  applicable  to  the  solution  of 
Maxwell's  equatious  for  electromagnetic  scattering  Because  of  their  diHeten- 
tisl  nature,  FEM  can  easily  model  combinations  of  pr-nelrable  and  imp<'netra- 
ble  materials  and,  in  addition,  these  methods  produce  a  sparse  system  matrix. 
However  >  dilhculty,  true  for  all  diffeiential  methods,  is  in  the  treatment  of  the 
Sommer  ;d  radiation  couditiou.  Local  boundary  couditiutis  which  maiiitam 
sparsity  of  the  system  matrix  work  best  when  the  mesh  bouuflary  is  far  from 
tb<!  scRtercT  [1|.  Having  the  mesh  boundary  far  from  the  scatterer  greatly 
increase  the  number  of  finite  element  unknowns  I'hii  can  gconate  Urge  sys¬ 
tem  matrices  tor  problems  involving  even  rather  small  scaltercrs.  Hybrid  finite 
element  methods  (HF'EM}  rxmple  the  ditfereulial  method  to  another  method, 
i.e.  MOM  \2,  3,  4j  or  modal  expansion  [5,  6,  7J.  This  coupling  acts  as  a 
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glob&l  boundary  condition  which  implements  the  exact  radiation  condition  in 
the  near  field.  The  details  of  coupling  the  PEM  to  another  method  on  the 
boundary  have  a  major  effect  on  the  computational  efficiency. 

A  fully  3-dimeusional  HFEM  in  which  the  finite  elements  are  coupled  to 
a  MOM  on  a  BOR  boundary  is  described  in  this  paper.  Since  we  are  free 
to  choose  the  exact  shape  of  the  terminating  BOR  boundary,  wc  choose  it  to 
be  sowoth.  Having  a  smooth  boundary  and  modeling  smooth  fields  allows  us 
to  use  Hermite  cubic  basis  functions.  These  basis  functions  have  continuous 
first  derivatives  across  eknnents  and  thus,  when  modeling  smooth  functions, 
can  greatly  reduce  the  number  of  unknowns  on  the  boundary.  This  choice 
increases  the  computational  efficiency  of  the  method.  Resonarces  of  the  nvesb 
boundary  encountered  in  some  implementations  [8]  are  eliminated  by  using  a 
combined  field  formulation. 


FORMULATION 

The  geometrical  dehniticus  uaed  in  foriRulating  the  scattering  problem 
can  be  seen  in  Fig.  I  where  we  achematicaily  show  a  perfectly  conducting 
scatteier  P,  totally  encloaed  within  a  surface  F,  with  the  interstitial  volume 
denoted  by  (1. 

For  simplicity,  in  order  to  expedite  tbe  development,  we  consider  at  this 
point  only  scat^ring  from  perfectly  conducting  bodies.  Tbe  magnetic  field  in  tt 
is  denoted  b;^  H,  and  tbe  electric  and  magnetic  currents  on  F  are  respectively 
labeled  as  J  and  M.  The  scattering  problem  involves  tbe  solution  of  the 
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dilTereiitial  form  of  Maxwell’s  equations  in  O  for  the  magnetic  field  H,  coupling 
this  field  to  the  equivalent  currents  J  and  M  on  F,  am  ensuring  that  J,  M 
and  the  incident  field  specif  a  radiating  solution. 

The  fields  H,  J,  and  M  satisfy 


V  X  -V  X  n(r]  -  =  0  for  f  e  fi  (1) 

— nxVx//(f^  ^  OforreP  (2) 

4Jeo 

M(f)  + --n  X  V  X  =  OforreF  (3) 

UJCo 

J{r)-nxH{^  OforfeF  (4) 


where  w  is  the  angular  frequency,  a  lime  dependence  e“‘“‘  is  assumed,  eo  and  t, 
aic  the  free  space  and  relative  permittivity  respectively,  po  wd  lit  the  free 
space  and  relative  permeability  respectively,  Jb  is  the  free  space  propagation 
constant,  and  n  denotes  the  unit  normal  to  the  surfaces. 

The  boundary  condition  for  a  perfect  electrical  conductor  on  P  (Eq.  2} 
and  for  coupling  the  magnetic  current  on  F  (£q.  3)  are  conditions  on  the 
derivative  of  H  and  are  imposed  as  natural  boundary  conditions.  The  bound¬ 
ary  condition  coupling  the  electric  current  on  F  (Eq.  4)  is  a  condition  on  H 
itself,  an  essential  boundary  condition,  and  must  be  explicitly  enforced.  Let¬ 
ting  f  and  d  be  test  functions  defined  on  fl  and  F  respectively  we  write  the 
weak  equations 

J^[{Vxr)-~{VxH)~  kif'  ■  iirH]dV 

+M(„J^f'-MdS  =  0  (5) 

and 

— juitg  J  n  X  O'  ■  I/—  n  X  /7j  dS  =  0  (6) 

where  the  superscript  *  is  complex  conjugation.  Integration  of  £q.  5  by  parts 
reveals  that  it  is  the  weak  form  of  Eq.  1  with  natural  boundary  conditions 
Eq.  2  and  Eq.  3,  while  inspection  reveals  that  Eq.  6  is  the  weak  euforce>nent 
of  Eq.  4.  A  finite  element  discretization  of  these  equations  results  in  matrix 
equations  which  we  denote  by 

[S]  ff-l-[C]  A/  =  0 

[  C  1'  -f  [  N  ]  J  =  0  (7) 
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Figure  2;  System  matrix  for  generic  hybrid  finite  element  formulation. 


where  tlie  superscript  ’  on  matrices  refers  to  the  adjoint,  i.e.  conjugate 
transpose. 

To  complete  the  specification  of  the  scattering  problem  we  introduce  the 
incident  field  H'  and  the  induced  current  J'  =  2»»  x  //'  defined  on  T.  The  spec¬ 
ification  of  a  scattering  solution  is  an  equation  relating  J,  M  and  J'  on  such 
as  the  magnetic,  electric,  or  combined  field  integral  equations.  Discretization 
will  produce  a  matrix  equation  which  we  denote  by 

[  K  ]  ./  -f  (  L  I  Af  =  y  .  (8) 

Collecting  these  into  a  single  niatrix  equation  wc  have  the  complete  sys¬ 
tem  matrix  for  the  problem  given  schematically  in  Fig.  2. 

SOLUTION 

A  computationally  attractive  solution  of  the  matrix  represented  in  Fig. 
2  is  facilitated  by  observing  that  the  incident  field  couples  only  to  J  and 
M,  and  that  the  knowledge  of  tliese  quantities  is  sufficient  for  all  scattering 
caicuiations.  Therefore  eliminating  //  first,  we  reduce  this  system  to  one 
involving  only  J,  M,  and  J'.  Performing  this  reduction  wc  have 

[  N  1  J  H-  [  D  ]  JW  -  0  (9) 

[  K  ]  J  +  [  L  ]  Af  =  y  (10) 


163 


where 


[D]=  [-C*  S-^  C],  (11) 

For  general  three-dimensional  scattercrs,  the  matrix  D  is  always  a  dense  ma¬ 
trix,  independent  of  the  method  of  implementing  the  boundary  integral  on 

r. 

It  is  worth  noting  at  this  point  that  Eq.  1 1  implies  finding  multiple  sparse 
solutions  of  the  matrix  S.  This  is  one  of  the  places  where  limiting  the  number 
of  unknowns  on  the  boundary  becomes  important,  since  each  unknown  on  the 
boundary  contributes  a  column  to  the  matrix  C.  Thus  each  unknown  on  the 
boundary  necessitates  another  sparse  solution 
Next,  given  an  incident  field  J', 

[L4-K  N-‘  d]  M  =  J'  (12) 

is  solved  for  M  and  then 

(  K  1  .7  =  J'  -  [  L  ]  A7  (13) 

is  solved  foi  J,  after  which  the  scattering  may  be  computed.  For  monostatic 
calculations,  this  is  repeated  for  each  inonostatic  point. 

EXAMPLES 


Resonance  Case 

Inspection  of  Eq.  13  reveals  that  it  is  of  the  same  farm  as  the  equations  found 
in  an  integral  equation  formulation  of  the  scattering  problem.  The  surface  of 
integration  is  however  not  on  any  iihysical  scatterer,  but  rather  is  a  surface 
where  J  and  M  are  defined  and  coupled  to  the  interior  solution  for  II,  Never 
the  less,  in  case.s  where  Eq.  13  lia.s  homogeneous  solutions,  resortance  behavior 
is  observed.  This  is  illustrated  in  Fig.  3  where  wc  plot  a  radar  cross  section 
(RCS),  (*  ijolarized,  for  a  spherical  conductor  with  a  spherical  inesh  boundary 
with  komeih  bouujtry  =  2.744.  This  corresponds  to  the  lowest  resonance  of  a 
perfectly  conducting  spherical  cavity. 

Wc  plot  the  RCS  computed  using  both  the  electric  field  and  the  mag¬ 
netic  field  integral  formulation  on  the  mesh  boundary,  in  coiiiparison,  we  also 
|)lot  the  solution  from  the  cornbitied  field  ititi!gral  fnrmulatinii  and  a  Min  series 
solution.  It  is  clear  that  while  the  combined  field  formulation  and  the  Mic 
scries  solution  are  virtually  indistinguishable  the  purely  elc-ctric  or  magnetic 
field  formulations  are  wildly  inaccurate.  This  resonant  behavior  is  due  to  the 
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Figure  3:  RCS  at  109  Mlli!  for  a  1  in.  radius  conducting  spliere  witli  the  mesh 
boundary  terminating  on  a  1 .2  m.  spiiere 

manner  in  which  we  have  clio.scii  to  solve  the  system  matrix.  A  sub  matrix  of 
the  system  matrix  is  singular  fur  tliis  problem  formulated  with  an  electric  or  a 
magnetic  integral  equation,  not  the  entire  system  matrix.  Thu  way  we  choose 
to  solve  the  system  unfortunately  requires  llie  inverse  of  this  sub  matrix.  How¬ 
ever  the  order  iu  whicli  wc  proiiose  to  solve  the  problem  is  so  computationally 
attractive,  that  using  a  combined  field  apinoach  to  avoid  rt'sonaut  behavior  is 
a  small  price  to  pay. 

Conducting  Non-BOU 

In  the  next  example  we  illustrate  some  aspects  of  the  HFBFvI  method  in  detail 
by  computing  monostatic  scattering  from  a  perfc't  conductor  with  a  nou-13011 
geometry,  a  box  of  dimensions  2m  by  l/2m  by  1/  at  200  MHz.  Figure  i 
illustrates  the  gixrmctry  of  part  of  the  scattercr,  part  of  the  finite  element 
mesh,  and  the  generator  for  the  13011  surface. 

The  surfaces  reprcseiiliag  one  fourth  of  the  conduction  box  can  be  seen 
Oil  the  left  of  the  figure.  The  line  just  above  the  surfaces  of  the  box  is  the 
generator  of  the  UOR.  The  generator  stays  within  a  distance  of  about  1/20’th 
A  of  the  box  all  along  its  length.  This  generator  is  tlieii  revolved  about  the 
z  axis,  forming  the  13011  mesh  boundary  surface  wliich  is  very  idose  to  the 
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Figure  4:  Part  of  mesh  for  PEC  box  example  showing  a  fourth  of  the  box,  the 
generator  of  the  BOR  and  a  fourth  of  the  subsequent  mesh 


scattcrer.  Figure  4  also  shows  one  fourth  of  tile  mesh  which  occupies  tlic 
volume  between  the  scattcrer  and  this  BOR. 

Tlic  sampling  rates  on  the  BOR  surface  are  5s/ X  along  the  generator  and 
modes  —3,..., +3,  averaging  a  low  233/A’  over  the  3A’  surface  area.  The 
number  of  degrees  of  freedom  of  J  (and  M)  on  F  is  140  233/ A’  •  3 A’  •  2. 

There  arc  352  quadratic  hcxahcdral  finite  elements  providing  a  sampling  rate 
of  10.5  — »  12.53/A  in  the  interstitial  volume. 

The  computational  effort  necessary  to  determine  the  monustatic  cross  sec¬ 
tions  involved  first  factoring  a  rank  12690  sparse  matrix  and  back-substituting 
to  generate  140  sparse  solutions.  The  calculation  of  eacli  monostatic  point 
then  involved  a  rank  140  dense  matrix  and  aii  rank  140  block  diagonal  matrix 
(20  by  20  blocks).  Figure  5  shows  the  monostatic  cross  section  comparison  be¬ 
tween  this  hybrid  finite  element  method  code  and  a  three-dimensional  MOM 
code  PATCH  from  Saiidia  National  Laboratory. 

Partially  Coated  Conductor 

A  perfect  conductor,  partially  coated  with  a  lossy  dieioclric  and  iiiagnetic 
material,  serves  as  the  mo.st  stringent  test  of  our  Implementation.  Having  loss 
ineaiis  that  the  finite  element  matrix  is  complex.  The  magnetic  component  of 
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Figure  5:  Monostatic  scattering  from  conducting  box,  2in  by  l/2ni 

by  l/2ni  at  200  Mllz. 

the  material  causes  a  discontinuity  in  the  solution,  ll,  at  the  malcTial  interface 
wliicli  must  bo  siiecincally  imposed  by  the  code.  In  addition  along  a  line  on 
the  scattcrer  we  have  three  media  in  contact 

A  conducting  prolate  spheroid  formed  by  revolving  an  ellipse,  with  major 
axis  along  i  and  length  1  meter  and  minor  axis  1/4  meter,  about  the  z  axis 
with  a  1/10  meter  coating  over  half  the  surface  was  chosen  as  the  scattcrer. 
The  coating  is  applied  over  one  end  of  the  conductor  and  pres(!rvcs  the  BOR 
geometry.  Electromagnetic  properties  of  the  coating  are  given  by  the  relative 
permittivity  and  permeability  constants 

i,  =  2c‘«  ~  1.73  +  l.Oi  and  fir  =  4e‘^  ~  2.0  +  3.4fi4r.  (14) 

'I’hese  ijarametevs  were  clioscn  to  yield  an  index  of  refraction  of  2. 

Figure  G  sliows  monostatic  RCS  comparismis  bctweeni  our  llEFM  imple¬ 
mentation  and  one  of  the  “dlCERO”  [U]  family  of  codes.  These  results  are  in 
excellent  agreement  except  for  tlie  0  =  9U“  plane  around  120".  We  would  not 
necessarily  assume  tliat  either  code  is  more  correct  h«:ie  and  arc  not  concerned 
at  this  2  dU  discrepancy  25  dB  down  from  niaxiniuiii  inonostatic  scattering. 
The  scattering  from  tlie  bare  metal  end  of  the  body  is  at  0  =  0",  while  tliat 
from  the  coated  i-nd  is  at  0  =  180". 
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Figui'C  C:  Mouoalatic  RCS  from  pAitially  roatcd  coiuiiicting  prolafc 

aplitfoid  ^  100  MHz. 


CONCLUSIONS 

Wc  haro  prcaciited  a  now  hybrid  finite  oleiiienl  niolhod  employing  a 
unique  BOR  imploinentatli  utilizing  Hcrniite  cubic  basia  functions  and  the 
combined  field  integral  equations.  This  foniiulation  provides  for  ulficient  mono- 
static  scattering  calculations  by  combining  the  flexibility  of  a  body  of  revolu¬ 
tion  mush  boundary,  keeping  the  mesh  boundary  close  to  the  scatterer,  with 
a  highly  efficient  BOR  implementation,  reducing  the  number  of  .sparse  solu¬ 
tions  and  the  rank  of  tire  matrix  used  in  scattering  solutions.  In  addition,  this 
method  is  not  plagued  by  artificial  resonances  of  the  mesh  boundary.  This 
implementation  lias  proven  accurate  and  efficient  on  a  large  class  of  scatterers 
involving  dielectric  and  magnetic  materials,  as  well  as  the  results  shown  here. 
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Abstract  -  The  Ringpolc  is  a  new  expansion  function  of  QMT  (Generalized  Multipole 
Technique)  which  has  a  strong  analytical  basic  and  a  clear  physical  background.  This 
Ringpole  is  suitable  for  calculating  the  fields  in  a  domain,  which  has  a  part  with  a  rotational 
sytmnetiy.  It  has  been  progrartuned  and  may  be  used  in  MMP  (Multiple  MultiPoIe)  programs. 
All  the  computed  examples  have  shown,  tliat  the  Ringpole  can  supply  an  excellent  solution 
for  die  fields  in  the  concerned  domain  widi  a  massive  reduction  of  the  number  of  unknown 
parameters  to  be  used  and  theiefoie  the  computation  time  in  comparison  with  discrete 
Multipoles. 


Introduction 

The  Generalized  Multipolc  Technique  (GMT)  is  a  new  method  to  solve  electiomagncdc 
problems,  wliich  has  t^n  developed  in  die  past  yearj.  The  MMP  (Multiple  MultiPoIe) 
programs  are  based  on  die  GMT  [1-3].  They  offer  fast  and  efficient  computations  of  time 
iiannonic  clcctrodynamic  problems  with  piecewise  linear,  homogeneous  and  isotropic 
materials.  All  kinds  of  examples  have  already  proved,  that  the  calculating  results  obtained  by 
MMP  programs  have  a  good  quality. 

In  GMT,  the  fields  inside  a  domain  ore  expanded  as  a  superposition  of  the  fields  of  several 
MulUpolcs.  The  unknown  coefficients  of  these  expaiuion  funedons  are  'letennined  by 
matching  the  fields  on  the  boundary  of  the  various  domains  at  discrete  points.  For  complex 
geometrical  foim  of  a  domain,  many  Multipoles  are  needed,  so  that  the  conflation  time,  the 
memory  requirements  as  well  as  the  amount  of  work  to  create  an  Input  file  arc  not  small. 
Introducing  new  expansion  functions  make  it  possible,  to  reduce  the  amount  of  all  diis  work. 
TTictcfoic,  finding  new  expaiuion  functions  to  increase  the  application's  domain  of  GMT  is  a 
matter  of  particular  interest. 


Multipolk  •  Basic  expansion 

MMP  programs  divide  the  total  space  into  several  domains,  each  of  them  is  linear, 
homogeneous  and  isotropic.  The  fields  inside  a  domain  arc  expanded  as  a  sum  of  several 
expansion  functions. 

i=l 

wlierc  each/j  is  a  Multipolc  expansion,  which  is  the  basic  expansion  function  of  MMP.  These 
Multipolc  expansions  ace  the  exact  solutions  of  the  Helmholtz  Equation  in  the  concerned 
domiun.  In  3D  problems  they  can  be  represented  as 

Ni  It 
•»»1  maO 
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where  h„  are  sphcr'cal  Hankel  (or  Bessel)  functions  or  llicir  differentials,  P"'  are  Legendre 
functions  or  their  differentials,  k  is  wavenumber  in  medium.  Tlic  placement  of  the  Multipoles 
must  follow  certain  rules,  so  tliat  the  numerical  linear  dependencies  among  tlie  cxparasioit 
functions  can  be  avoided.  Tiicrc  ate  also  otiicr  expansion  functions  in  MMP  programs,  for 
example  TBM  cxptuisions,  plane  wavc.s  and  rvaveguide  modes  for  rectangular  and  circular 
waveguides. 

Let  the  expansions  for  the  fields  ui  various  domains  be  matched  in  discrete  matching  points 
on  tlie  boundary  between  the  domains.  Generally,  all  6  boundary  conditions  for  tlie  normal 
and  transverse  electric  and  magnetic  fields  arc  used,  ‘flic  coefficients  a„,„  arc  detennined  by 
solving  the  obtained  equations.  In  the  MMP  programs,  an  ovcrdclcnnincd  system  cf 
equations  is  used  in  order  to  improve  tlie  correct  approximation  of  the  fields  solutions. 

UlNGPOLE 

Tlie  expansion  functions  of  a  Multipolc  have  an  iiiipoitant  cliiuactcr:  they  have  a  great 
influence  upon  tlie  near  region  of  origin  and  u  small  influence  on  the  far  region,  which  can 
often  be  neglected.  Because  of  this  behavior,  tlie  Muitipolcs  should  be  placed  around  the 
domain,  so  that  the  wliolc  boundaiy  is  covered  by  their  ncigiiborhoods.  Tlicrefore  the 
locations  of  Muitipolcs  arc  closely  lelated  to  the  domain  fonu. 

in  order  to  reduce  liic  amount  of  work,  there  is  always  die  possibility  of  sepaiaiing  a  complex 
geometry  in  many  parts  wliicli  are  much  simpler.  Riiigpolc  is  suitable  for  calculating  tlic 
fields  in  a  domain,  which  has  a  part  with  a  rotational  .synuiictty.  If  tlic  fields  in  such  a  domain 
arc  to  be  solved  by  GMT,  many  Muitipolcs  have  to  be  arranged  on  one  ting.  Tlioir 
coefficients  have  a  sinusoidal  distribution.  If  tliesc  coefficients  arc  transformed  to  Fourier 
scries,  tlien  the  experience  shows  that  only  the  first  few  tenns  are  dominant  and  tlic  otlicr 
terms  cun  be  neglected,  liiercforc,  tlicsc  di.scieic  Multqiolcs  can  be  replaced  by  a  Ringpolc 
with  each  of  his  orders  corresponding  to  u  tenn  of  tlic  Fourier  series  above.  Tlic  number  of  the 
unknown  parameters  in  tlie  problem  may  be  massively  reduced  by  Uiis  process. 

Tlic  Ringpolc  is  theoretical  a  line  ring,  which  consists  of  iiumy  Multipoles.  The  expansion 
functions  of  Ringpolc  can  be  represented  rouglily  as 

n-^l  m=0  g 

where  each  (  conesponds  a  point  on  the  ring,  (r(0>^0>^C))  coordinates  of  field  point  in 
tilt  local  coordinate  system  with  origin  (j,  {IQ  indicates  die  distribution  of  Muitipolcs  on 

tlic  ring,  A(Q  is  a  vector  operator  by  which  itie  corresponding  components  of  the  expansion 
function  of  Multipolc  should  be  obtained.  If  die  orientations  of  die  local  coordinate  systcni  arc 
chosen  correctly,  the  modes  for  m>0  have  only  a  very  small  coniribuliun  to  the  total  fiehls, 
which  can  practically  be  neglected,  if  wc  set  up  a  cylindrical  coordinate  system  with  the 
center  of  ring  as  urigiii  and  change  all  components  into  a  new  fonn  corresponding  to  the 
cylindrical  coordinate  sysleni,  tlic  iiitcgtatiuii  above  may  be  reduced  on  account  of  the 
symiiictiy  by  half.  Tlierefore  we  liavc 

=  E  E  [kr(0)  /*;-  (co.e(C)) 

wiieic  0(0  is  a  new  vector  opcratoi,  is  azimullial  coordinate  of  field  point  in  die  cylindrical 
c^rdinolc  system.  Since  and  B{Q  all  are  the  functions  of  (,  it  is  at  least  very 

difficuli,  to  find  an  analytical  m^od,  by  which  the  integration  above  can  be  treated.  The 
numciical  integration,  which  is  used  in  the  program,  is  more  practical. 
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In  the  physical  sense,  a  Ringpole  indicates  the  electric  and  magnetic  cuttents  along  flw 
circumferential  ring  and  dipole-rings  polarized  in  axial  and  radial  orientations.  Sin^  this 
model  can  cause  a  much  more  accurate  Held  in  the  corresponding  domain  than  the  discrete 
Multipoles,  the  original  problem  can  be  effectively  simplified  by  the  Ringpole, 

EXAMPUi: 

A  circular  metallic  plate  is  illuminated  by  a  plane  wave  with  a  inrUence  of  45  degrees.  The 
diameter  and  thickness  of  the  plate  are  respectively  2.4  and  0.4  wavelength.  Figure  1  shows 
the  total  near  fields  calculated  by  Ringpolcs. 

A  circular  horn  antenna  is  excited  by  TEll  mode  at  the  feedwaveguide.  Both  near  and  far 
fields  arc  treated  with  Ringpolcs.  Tlic  E-ficld  iit  the  hom  and  die  patterns  of  the  horn  in  E- 
and  H-planc  arc  shown  in  Figure  2  separately. 


Fig.l  Fields  iKar  a  nictaUic  plate.  U  ft  top;  E  held,  Rixht  top:  H  field. 

Left  bottom:  PoyiUiiig  vcclor.  Right  bouom:  Poymiiig  vcelQi  in  lime  averag  :. 
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Fig.Z  Helds  of  (be  tioni.  On  tlie  lop:  U  field  in  (be  itom  on  £  idane  (Itf  i)  and  K-plaoc  (right). 

On  till  boiupn:  PaUen  of  the  bum  on  B-plano  {lift)  and  H-plauc  (.right). 

CONCLUSIUN 

Ringpole  can  replace  many  discrete  Multi^x>lcs  for  calculating  tire  fields  in  the  domain,  wliich 
has  a  part  with  a  rotational  symmetry,  or  tn  the  domain,  which  is  rotational  symmetrical  (the 
latter  one  is  a  3D  problem  for  GMT).  The  placement  of  Multipoles  and  therefore  the  work  to 
create  a  Input  file  can  be  simplified  and  the  computation  time  can  be  massively  reduced  by 
this  process.  Tlte  quality  of  the  solution  of  the  fields  in  the  concerned  domain  supplied  by  the 
Ringpole  is  excellent  as  good  as  by  discrete  Multipoies.  With  the  help  of  Ringpole  and  all 
otlier  r.ew  expansion  functions,  which  wc  will  treat,  GMT  will  be  even  more  comfortable. 
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Abstract 

Many  nf  the  expreaalana  uMlch  arlsa  In  the  Fcrmulatloris 
coitimonlg  uaod  in  computaticnal  elactroinaonatlBa  are  in  tha 
Form  oF  infinite  sariaa.  Often  tMaaa  asrias  are  uarg  aloylu 
converoant  and  tha  reauiting  computational  burden  placad  on  a 
code  uhich  makea  use  of  tham  can  be  prohibitive.  A  common 
aerias  accaieratlon  technique  is  the  Kummar  transformation 
uhlch  involves  subtraction  of  a  aariea  of  enaluticsllu  knoun 
sum.  Applying  this  technique  uiith  maximum  affectivneas  often 
requirea  significant  amounts  of  algebra  prior  to  coding.  This 
algebra  can  be  carried  out  by  means  of  symbolic  manipulation 
softyara  auch  ae  Mathamatlca  ulth  ramarkabla  efficiency. 
Thus,  hy  this  means,  one  may  greatly  expand  the  effectiveness 
and  breadth  of  applicability  of  such  acceleration  techniques 
in  computationel  electromagneticu . 


Introduction 

Symbcilc  manipulation  softuare  performs  elgabreic  and  calculus 
operations  in  aymbollc  form  rsthar  than  numerical  computations 
although  most  such  aoftuara  is  also  able  to  calculate 
numerical  raaulta.  Thus,  it  can  function  vary  effectively  In 
support  of  computar  code  development  In  that  the  expreesions 
leading  to  high  level  lenguegs  statements  can  be  derived  using 
tha  symbolic  capebllltlaa  and  the  resulting  atstemants  can 
be  chackedfor  coding  accuracy  using  the  numerical 
capabilities  of  tha  software. 

As  an  example  of  tha  appllcstion  suggested  above,  we  consider 
the  Green's  function  for  helical  ecructuras  derived  by 
Pogorzeiskl  C13  baaed  on  tha  work  of  Hill  end  Wait  CS3.  The 
elements  of  this  dyadic  Green's  function  are  expraaaad  in  a 
forminvoiving  several  Infinite  seriee  uhlch  are,  for  tha  renqe 
of  arguments  typically  encountered  In  method  of  moments 
applications,  vary  slowly  convergent.  The  Kummar 
traneformation  can  be  employed  to  accelerate  this  convergence 
tc  an  acceptable  retu.  In  applying  this  technique,  e  aeries 
of  analytically  known  sum  is  subtracted  term  by  term  from  the 

t  Formerly  with  TRW  Space  S  Technology  Group,  One  Space  Perk, 
Redondo  Beach,  CA  S0G78  where  this  work  mbs  begun. 
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ssrias  to  be  accelerated,  t'nen,  the  series  of  differences  is 
summed  and  the  analytically  knoiun  sum  is  added  to  the  result. 
The  advantafle  of  this  procedure  arises  uihan  the  subtracted 
series  is  chosen  so  that  its  terms  rapidly  approach  those  of 
the  series  to  be  accelerated  as  the  index  of  summation 
increases.  That  is,  the  terms  of  the  knoun  sum  should  be  a 
large  index  asymptotic  expansion  of  the  terms  of  the  desired 
sum.  Uerivation  of  the  terms  of  this  expansion  can  be 
extramelg  tedious.  As  uill  be  demonstrated,  it  Is  here  that 
symbolic  manipulation  softuiare  can  be  of  very  signlf icantvalue 
to  the  electEoraagnetics  programmer. 


Analysis  of  Helical  Structui es 

In  carrying  out  the  electromagnetic  analysis  of  hslical 
structures  such  as  the  tuisted  uiaveguide  shcun  in  Figure  1, 
the  fields  of  currents  disposed  along  helical  trajectorias 
around  the  symmetry  axis  are  required.  These  fields  become 
the  elements  of  a  dyadic  Green’s  function  appropriate  to 
formulation  of  the  problem  in  terms  of  an  integral  equation. 
Specif ically ,  if  the  structure  is  perfectly  conducting  and  one 
intends  tc  use  an  electric  field  integral  equation,  one  must 
obtain  expressions  for  three  indapandant  vector  components  of 
the  electric  field  due  to  three  indapandant  vector  components 
of  the  current  along  a  helix.  The  coordinate  systams  used  to 
define  these  components  is  shoun  in  Figure  S.  As  shown,  the 
current  is  expressed  in  radial,  longitudinal  talong  the 
helix),  and  transverse  (across  the  helix)  components  while  the 
electric  field  Is  expressed  in  the  usual  cylindrical 
coordinate  system  components,  radial  Cp),  azimuthal  (tp>,  and 
axial  Cz).  The  three  electric  field  components  due  to  each  of 
the  three  current  components  are  the  nine  elements  of  the 
required  dyadic  Breen's  function.  That  is, 
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and  6^^  were  previously  obtained  by  Hill  and  Wait  CB1C31 

and  theremaining  elements  were  provided  by  Pogorzelski  C13. 
For  the  present  demonstration  we  select  the  axial 

electric  Field  of  a  longitudinal  helical  Filamentary  current, 
which  may  be  expressed  in  the  form. 
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ui  "r  P  ~  k  ,  p  ~  P  *  - ,  and  p  is  the  pitch  of  tha  halix 

maasurad  alono  tha  axis  of  symmatru .  Uhan  p  is  naariu  oqual 
to  p^,  this  SBC'ios  is  vary  slowly  convergent.  To  randerits 

use  piactical,  it  is  nacessary  to  accelerate  the  convergence. 


l^cceleration  of  the  Series  Convergence 

As  mantioned  earlier,  in  order  to  accelerate  the  aeries 
convergence  by  means  of  tha  Kummar  transformation,  It  is  first 
necessary  to  form  an  analytically  summable  series  whose  terms 
are  large  index  asymptotic  approximations  of  the  terms  of  the 
series  to  be  accelerated.  Fortunately,  large  index  Corderl 
expressions  are  available  for  tha  modified  Bessel  functions,  I 
and  K.  IdT  These  are. 
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With  a  minimal  amount  of  algebra  it  is  not  difficult  to  show 
that  for  large  n. 
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poasessQS  a  closed  form  sum.  That  is^ 
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powers  of  n  about  infinity!  i.e.,  in  inverse  powers  of  n.  The 
result  is  a  set  of  alyabraic  expressions  for  £,  tf,  and  •D. 
FiQure  3  shows  the  expansion  obtained  by  nathamatica  upon 
appiying  a  number  of  simplifying  substitutions  Cvariable 
definitions) .  One  may  also  request  that  these  results  be 
placed  in  FORTRAN  format  for  direct  use  in  a  FORTRAN  program 
implementing  this  series  accelaration  Calthough  the  resulting 
FORTRAN  appears  to  be  somewhat  inefficient). 


It  should  be  remarked  at  this  point  that  the  above 
approximation  scheme  can  be  generalized  to  any  desired  order 
of  accuracy  by  generalizing  the  form  of  the  approximating 
series  to, 
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For  large  h,  derivation  of  the  algebraic  expressions  fur  the 
hand  is  prohibitively  compilcated ,  However,  using 

symbolic  manipulation  software,  one  may  carry  it  out  with 
ease.  One  merely  issues  the  command, 


SeriHsCV ,  Cn ,  Inf  inity  ,(1+2)3 


An  Example  Result. 

The  above  axprasaions  for  jf,  £,  t,  and  £>  permit  the 
application  of  the  Kummar  tranafarmation  to  the  series  for 
Since  the  asymptotic  approximation  vary  accurately 

approximates  the  terms  of  the  G  series  in  exactly  the  range  of 
parameters  where  the  sarios  is  moet  poorly  convergent  cuhara  p 
is  close  to  p^) ,  theresulting  difference  sariea  converges  very 

rapidly  in  ail  ranges  of  parameters.  In  particular,  Figure  H 
displays  tha  partial  sums  of  the  original  and  accelerated 
series  for  a  case  where  p  ~  l.OSp^.  Note  that  the  accelerated 

series  converged  in  less  than  10  terms  while  the  uriginal 
series  has  not  yet  converged  after  addinglOO  termsl  Similar 
results  have  been  observed  far  the  other  eisments  of  the 
dyadic  Green's  function, 

It  is  remarked  in  passing  that  the  curves  in  Figure  4  also 
indicate  why  the  Shanks  transformation  CS3  would  not  be  as 
effective  as  the  present  Kummer  transformationin  accelerating 
the  series.  Recall  that  the  Shanks  transformation  makes  use 
of  the  early  partial  sums  to  estimate  the  behavior  of  the 
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converoence  curve  vlQued  as  a  so-called  "numerical  transient". 
Houiever,  as  is  clear  from  FiQure  4,  in  this  case  a  very  large 
number  of  partial  sums  uould  be  required  before  one  could 
accurately  astimate  the  oscillation  rate  of  the  convergence 
transient.  Thus,  the  Shanks  transformation  might  require 
several  tans  of  terms  as  opposed  to  tiie  five  or  so  terms 
required  in  the  Kummer  procedure. 


Concluding  rfemarks. 

The  utility  of  symbolic  manipulation  software  in  programming 
acceleration  of  series  has  bean  demonstrated  in  the  context  of 
evaluation  of  a  dyadic  Green's  function  for  helical 
structures.  This  nine  component  Green's  function  is  suitable 
for  the  formulation  of  an  electric  field  integral  equation  for 
perfectly  conducting  helical  structures.  A  corresonding 
dyadic  applicable  to  combined  field  formulations  and  helical 
dielectric  structures  would  have  thirtysix  elamants  which  are 
the  electric  and  magnetic  field  components  due  to  electric  and 
magnetic  currents.  The  algebra  involved  in  aocalerating  all 
of  these  series  would  be  truly  staggering  even  though  duality 
reduces  thanumber  by  half.  Navarthaless,  such  a  task  is  well 
within  the  capacity  of  anyone  having  access  to  suitable 
symbolic  manip' ilat ion  software.  It  is  concluded  that  such 
software  can  in  many  cases  be  an  indispensibie  programming  aid 
in  computation  electromagnetics. 
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FiOure  1.  Tuiifltad  UJavagulde. 
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Kfricivnt  Solution  of  Matrix  Kquuliuiis  in 
l  initL*  Klcmcnt  Mudclitit;  of  Kddy  Current  NDK 

A  Malimoml.  D.J.  Lynch.  Q.IL  Nguycr,.  L.D.  Lhihpp 
•  Wo^hingum  Suit  Uiuvcrsily  al  Tii-CiUcn,  Kichkind  WA  09352 


ABbIRACT  f-mittt  ulurTi^nt  modaling  (FEM)  o( 
Hooy  ahyn  invQiv^i>  !a(gu  matricds.  The 

ol  ihw  algorithm  used  lor  solving  matrix 
is  uAtremyiy  critical  to  the  overall 
I  nni(:jiji:an  time  The  puroose  of  this  paper  is  to 
•urvey  and  analyse  various  approaches  to  solving 
'T.it'o  equations  m  ma>n  memory  and  to  identify  the 
most  time  efficient  approach  within  the  context  of 
tin  iti  element  formulation  of  two  dirneosional  eddy 
Current  problems  A  comparison  of  methods  used  to 
Tt’oduce  boundary  conditKjris  shows  the  benefits  of 
ihe  I  s  and  0‘s'  Substitution  technique  over  the 
b’3'.>'ing  factor'  method  Evaluation  of  matrix 
dv>t omposi'ion  algorithms  indicates  that  Cholesky 
d»‘>.om(Kisition  yelds  the  shortest  run  times  of  the 
method'.'  considered  m  modified  Cfiolesky  algorithm. 
Hinnndimg  bac.k  Substitution  for  un-essentiat 
v.ii..ib'v:’  IS  devo’oped  Minimum  computalion  time  is 
Ot"'''u>'strated  using  the  niodified  CholesKy 
q.jf  c-rt'posdion  algorithm  and  the  Ts  and  0‘s‘ 
txjur’cfjiy  cond-tion  technique 

1.  Iiitruductiun 

f  in  to  element  methods  have  been  applied  to 
ma  -y  U.ffer«nf  engmewnng  problems  In  particular. 
thMy  njve  been  shown  to  be  very  useful  in  modeling 
wddV  '.'urrent  NDE  (non  destructive  evaluation) 

pr.t^non'vna 

<r.  the  finite  element  method,  mtagral  or 
d’hervnt  a(  equations  are  solved  by  dividing  a  problem 
region  'nto  subregions  of  Simple  form  called  tmite 
elements  Nodes  exist  on  boundaries  ol  elements.  By 
issemblmg  the  resulting  equations  involving  (he 
nodes  and  the  alemer<ts.  an  equivalent  problem  in 
mat<<>  uigebia  is  formulated.  The  matrix  equation  to 
be  solved  has  the  general  form,  Mx  ■  b  where  M  is 
an  n«n  coefficient  matrix,  x  ts  an  nx1  veciO'  of  nodal 
jnknowiii,.  and  b  is  a  known  nxl  vector.  It  M  is  a 
positive  definite  and/or  non-singular  matrix,  then  the 
probfeni  1$  deterministic  and  has  a  unique  vector 
solution  X  In  the  case  ot  (mite  element  formulation  of 
«ddy  current  phenomena,  the  matrix  equations 
involved  have  a  positive  definite  coefficient  matrix, 
since  positive  deliniieness  ol  M  physically  corre¬ 
sponds  to  stored  energy  boing  positive  for  ail 
dxcititior's  p). 

For  relatively  large  problems  m  finite  element 
modeling,  mure  than  ol  the  computation  time  is 
consumed  by  the  matrix  equation  solver  subroutine. 
Thu«  the  efficiency  ol  the  matrix  solver  algorithm  is 
e-  ly  critical  to  the  overall  computation  time.  In  a 
two  1.  /nsional  eddy  current  problem,  matrix  sizes 
of  n>t000to5000  are  typical  and  three  dimensional 


*  S|Hiiisor','d  by  Ulccuiv  Puwer  Riixcarch  Itutituic, 
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fields  may  requira  matrix  sizes  m  the  range  Of  50,000 
to  2b0.000  vartubffis  (1.  2].  Computation  times  of 
several  minutes  to  a  few  hours  can  be  encountered 
for  such  problems. 

Finite  element  formulations  generally  produce 
sparse,  banded  and  symmetric  matrices,  sirtce  each 
nodal  variable  is  connected  only  to  nodal  variables 
which  appear  in  the  same  finite  element.  Considerable 
savings  in  execution  time  and  memory  are  achieved 
by  taking  advantage  ot  these  matrix  properties. 

2.  Techniques  fur  Introducing 
Itoundury  Conditions 

There  are  two  popular  techniques  lor  introducing 
boundary  conditions  in  finite  element  problems.  One 
IS  referred  to  as  the  blasting  factor’  technique  and 
the  other  as  the  'Vs  and  O's  substitution'  luchnique 
(3).  Both  techniques  preserve  the  symmetry  and 
bartdedness  property  of  the  original  matrices  and 
thus  are  convenient  to  use.  We  will  briefly  desenbe 
the  two  techniques  and  then  compare  thoir  relative 
computational  efficiencies. 

In  the  blasting  factor  technique,  a  nodal  variable, 
whose  value  is  specified  by  boundary  ccr'ditions,  is 
multiplied  by  a  iaiQe  number.  Known  as  the  blasting 
factoi  The  corresponding  lern^  in  the  vector  b  and  the 
diagonal  term  in  that  lOw  of  M  are  also  multiplied  by 
the  blasting  factor  As  an  example,  the  loHov  mg 
matrix  shows  how  to  effectively  specify  x,aCi,  artd 
xjaC)  assuming  that  the  blasting  factor  is  much  laiger 
than  the  largest  element  in  M. 
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The  result  of  using  the  blasting  factor  in  row  I  of 
M  and  b  is  to  effectively  make  m^^^O  and  intj^O.  thus 
X)»Ci.  Similarly  arid  are  eflectiveiy  reduced 
to  0  in  row  3.  making  •  03. 

In  the  ”l's  and  O’s  substiluHon”  technique,  it  the 
variable  x,is  prescribed,  the  ilh  row  and  ilh  column 
ei^tries  in  matrix  U  are  set  to  0  and  m| ,  is  set  to  1 .  The 
non-prescribed  terms  in  b  are  modified  to  account  tor 
the  prescribed  variable  values.  A  simple  example  Is 
given  below  which  shows  how  x  j  is  set  to  a  value  Ci. 
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After  boundary  conditions  have  boon  introduced 
using  either  of  these  methods,  the  remalnirig  step  is 
to  carry  out  the  solution  of  ti.e  matrix  equation. 

2.1  Compcrlton  of  the  ''Blaatlno  Fsctor" 
and  ‘*Va  and  O'a  Subatitutlon" 
Techniques. 

Comparing  the  two  techniques  for  setting 
boundary  conditions,  tile  “I's  and  O’s*  substitution 
technique  makes  the  matrix  M  more  sparse  because 
of  additional  zero  entries  vdthin  the  banded  portion. 
However,  more  operations  are  required  on  matrix  ^  for 
fhe  non-prescribed  rtodal  variables.  In  general  th&re 
v;ill  be  n  multiplications  and  ii  subtractions  for  every  b- 
Lorresponding  to  a  non*prescribed  variable.  Foi 
naleiy,  these  extra  operations  are  not  required  when 
the  prescribec  values  are  zero  since  the  multiplication 
by  zero  and  subsequent  subtraction  is  not  needed. 
This  happens  in  the  case  of  ^nhe  element  fnrmulatiort 
of  the  magnetic  vector  potential  tor  eddy  current 
problems  (7).  Hence  the  coefficient  matrix  will  havo  a 
large  number  of  zero  ent.ies  when  using  the  "Vs  and 
O's  substitution"  technique  whereas  for  the  b'asting 
technique,  the  coefficient  matrix  will  be  less  sparse 
Although  still  banded. 

Figure  1  shows  timing  curves  fo)  a  sample  edny 
current  finite  element  problem  using  the  fwo 
techniques  for  applying  boundary  condi^'ons.  For 
each  curve  in  the  figure,  the  same  algorithm,  based 
on  LU  decomposition,  is  used  to  solve  lha  matrix 
equations.  For  this  case,  the  *t’s  and  OV  technique 
yielos  small  sr  execution  times  than  the  blasting  factor 
techr  ique.  The  snialler  run  time  is  viue  io  thn  large 
number  of  zeros  in  the  matrix  genera  from  the  ’I's 
and  O's"  technique  as  a  floating  point  arithmetic 
operation  takes  significantly  less  time  when  one  of 
the  operands  is  zero  as  compared  to  when  both  are 
non-zero.  Table  1  shows  the  differences  in  execution 
limes  of  floating  point  operations  on  a  PRIMH  9755 
computer  when  one  operand  is  zero  and  when  both 
operands  ere  non-zero. 

The  size  of  the  blasting  factor  has  an  effect  on 
the  accuracy  and  the  overall  execution  time.  A 
blasting  factor  less  than  10^  may  not  yield  accurate 
results.  A  larger  blasting  factor  may  reduce  the 
execution  time  by  effectively  creating  more  zero¬ 
valued  entries  to  be  used  in  the  backward  substitution 
phase  but,  a  very  large  blasting  factor  may  cause 
creation  of  more  zeros  because  of  floating  point 
underflow.  Handling  of  an  underflow  condition  is  more 
time  consuming  on  certain  computers  and  thus  an 
improvement  in  execution  time  may  not  be  observed. 

3.  Solution  of  Che  Msti'ix  Equation 

Since  the  matrices  Involved  In  the  finite  element 
formulation  of  eddy  currents  are  positive-definite, 
banded  and  symmetric,  we  will  focus  on  the  efficient 
solution  of  matrices  under  these  conditions.  For  eddy 
current  testing  of  flaws  in  tubing,  the  pr<^e  coil  is 
moved  to  .  ous  positions  In  the  tube  to  be  tasted. 
The  rest'..  ..g  eddy  current  response  indicates  the 
existence  *)t  a  flaw.  In  terms  oi  matrices,  this 
corresponds  to  solving  M  x  •  b  for  different  b  vectors 
with  no  change  In  the  coefficient  matrix  M.  For 


elficient  solution  of  the  problem,  ii  is  very  important 
that  some  sort  of  triangular  decomposition  scheme  be 
used.  Once  M  is  decomposed  into  its  triangular 
components  by  forvyard  elimination,  solutions  for 
different  b  vectors  can  be  quickly  evaluated  by 
repeatedly  solving  the  two  triangular  equations.  The 
latter  step  is  known  as  back  substitution.  Thus,  in  the 
solution  of  finite  element  problems,  forward 
elimination  is  carried  out  once  only  and  back 
substitution  is  carried  cut  for  each  of  the  diiferonl 
probe  coil  positions. 

The  Cholesky  decomposition  algorithm  and  two 
variations  of  LU  decomposition  are  considered  in  this 
study  in  order  to  determine  the  best  method  for 
solving  the  matrix  equation  generated  in  the  FFM  of 
an  eddy  cu^eni  problem.  The  algorithms  discussed 
here  differ  mainly  in  the  forward  elimination  phase 
since  their  back  substitution  phases  are  almost 
identical  except  for  the  modilied  ChoUsky's 
algorithm.  Theoretical  time  complexities  are 
discussed  for  the  forward  elimination  phase  and  the 
dilierent  approaches  are  compaied  for  execution 
times  on  a  sample  problem. 


Prob*  Coll  Poiiilor) 


Figure  1.  Companson  of  matrix  solution  e.xeculion 
times  for  two  methods  of  setting  boundary  conditions. 


Operation 

Non  2«ro  OperarO* 
(|a) 

Ono  Operand 
Z'tto  (^5) 

Complex  Ad(! 

2.7? 

292 

Red  Add 

t.0S 

oao 

Comfjlox  Sub. 

224 

2.73 

RwlSub. 

1.13 

0.94 

Complex  MuJt. 

13.M 

8.70 

HMlJbUl. 

1.B2 

0.72 

Oynpkx  Diy. 

32.G5 

17.4 

HmIDIv 

5.71 

096 

Complox  Suri. 

50.35 

10.7 

IWaJSqn 

I6.a3 

2.17 

Ts^ie  1 .  Comparison  of  Execution  Times  of  Zero 
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3.1  LU  Dseomposltlon  r*chnlqus 

In  thd  LU  decomposition  technidu®. 
coofficient  matrix  M  is  partitioned  into  its  jpw®r  and 
upper  triangular  parts  in  the  forward 
as  M  -  L 1 )  (whare  L  is  the  lower  triangular  matrix  and 
u  is  the  upper  triangular  matrix).  Then,  two  sets  of 
triangular  equations  are  solved  In  the  baoK 
substitution  phase. 

Ly^b  solve  for  yl 
U  X  =  y  solve  ior  x ) 

The  LU  decomposition  algorithm  (torward 
elimination)  lor  a  symmetric  matrix  with  semi- 
bandwidth  B  can  be  writtan  as: 

Foe  (( ■=  1 . ri  - 1 

For  i  -  k  +1 . Min(k  +  B.  n) 

For  i  =  k  +1 . M/n(ft  +  B,  n) 

For  j  ==  k +  '\,...,klin{k  +  B.n) 

"■r  y=  "r "'ll  f 
Upon  completion  of  fhis  algorithm,  L  and  U 
replace  the  original  malrix  M  such  that  ^ 

*  <  ; ,  ^  =  1,  and  b  ^  y  =  i”  i,  /  ■ 

Two  implomentallons  of  the  LU  deOTmpositlon 
technique  were  considered.  The  first  version  as  used 
by  Lord  IS]  is  referred  to  as  LUD1. 1!  has  exactly  same 
number  and  type  of  operations  as  a  standard  LU 
decomposition  program  but  the  order  of  operations 
and  the  storage  ol  the  matrix  la  dilleronl.  T  he  second 
implementation  la  standard,  relerred  to  as  LUD2. 

In  LU  decomposition.  Gauss  elimination  Is  used 
in  the  torward  elimination  phase.  This  process  can  be 
described  by  the  following  recurraace  equations, 

and 

<.,1  rv-ii  /  ri.4  (k.n  X 


^  =‘’(  -|,'’'/,x-/"'*-t,li-tj  "k-t 

for  U  =  " 

tf''  =  b,  and  hi'I'y*™!/ 
whare  ‘  ^  ‘ .  nx 

Considering  a  small  matrix  equation  (n  •  3) 
illustrates  how  different  implementations  of  LU 
decomposition  affect  the  execution  time  of  the  matrix 
solution  tash.  Gauss  elimination  will  transform 
matrices  M  (3x3)  and  b  to  give  the  following  equation. 

I”';;  <  "'.'.IM  [‘"1 


Solving  the  above  triangular  matrix  lor  the  x's 
results  In, 

..-M 

Alternatively  the  above  solution  may  bo  wnlte.t: 
*a=‘’3  ""ss 

x=  (51 

In  LUDl.  the  M  matrix  after  forward  elimination  is 
Stored  as, 

0  ne/mf,  X,  =  bf 


h*ow  lor  dilterenl  sets  oi  h’s.  we  need  to  comDule 
(2)  (3) 

"2  '  ®3  ■“  before  solving  the  one  triangular 

equation  as  shown  above. 

in  contrast,  using  the  alien  lativo  LU  docom 
posMon  program  {LUD2).  the  matrices  after  forward 
elimination  appear  as. 


[*,' 

X 

2 

2 

JL  \ 

'".3 

f 

22 

'"2  2 

"2  =1 

(ii),_(2)  j3> 

'"23^'”  2  2  ""a  3. 

UsJ  L 

Two  Irlatinular  matrix  equations  will  be  obtained 
from  oquetloii  (7)  and  solved  In  the  back  nubstllutlon 

phase  as, 

n  0  olfM  (8) 


n  '"fa""®  ’  ll>'3l  ["3. 


"fa  -"fa  ''d 

)  l\ 
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This  yields, 


//n  „„ 

3  •'3  33 


r  «)  Y  (2) 

.H>'2-™23V'"22 


j') , 


U,- 


'"*,3*3)'™'' 


(1) 


(10) 


The  y^,  y2.  and  in  above  eQuations  ara  similar 


lo  ,  ^nd  raspoctively  in  case  of  LUDI. 

Thus  the  only  important  diffaranca  in  LUD1  and  LUD2 
is  the  order  of  the  operations.  In  LUDI,  divis*'''*  by  the 
diagonal  elements  mj  1  nad  to  be  done  first  as  shown  in 
equation  (5),  whereas  in  LUD2,  division  Is  the  last 
Operation.  This  may  have  a  significant  effect  in 
certain  situations.  For  example,  if  is  a  complex 
number  with  non-zero  real  and  imaginary  parts,  and 
the  rest  of  matrix  is  only  real,  then  LUDI  will  evaluate 
Xi  as. 


>:,=  fi,/ 

which  indicates  one  complex  division,  two  complex 
multiplications,  and  two  comple.x  additions.  On  the 
olhei'  hand,  I '  will  evaluate  Xt  as. 

^=(^  '”,2^2- "’,3*3)"",, 

This  will  involve  the  same  number  of  operations  but 
now  only  one  division  is  a  complex  operation  and 
everything  else  is  a  real  operation.  Hence  LUD2  will 
execute  measurably  faster  in  this  case. 

3.2  Cholasky  Decomposition: 

in  CholesKy  decomposition.  M  Is  decomposed 
such  that  M  -  LL^  where  L  is  a  lower  triangular  matrix, 
f-'or  this  decomposition  to  exist,  the  matrix  M  must  be 
positive  definite,  and  this  property  is  guaranteed  in 
F(£M.  After  performing  the  decomposition,  the  two 
triangular  equations  are  soived  as. 


W  X  =  fa 

starting  .matrix  equation 

LL  X  fa 

M  is  decomposed  (fonrvard  slim . ) 

Ly  =  b 

solve  lor  y] 

1 

Hback  substilulion  ) 

L  X  -  y 

solve  lor  x  \ 

For  different  sets  of  b's  corresponding  to 
different  position*  of  'he  eddy  current  probe,  it  is 
necessary  to  solve  only  the  last  two  triangular 
equations  as  L  and  remain  the  same. 

The  CholesKy  decomposition  algorithm  for  a 
symmetric  matrix  witi)  semi-bandwidth  B  is: 


For  /=/■  . i 

*  ^fn>n 


y  m  „  m, 

/m  Ik  k  j 

Yn 
rn  .  . 

J  / 


.=  so;?r  /r. 


4.  Comparison  of  Time  Efficiencies 
of  A.igorithnis 

For  most  computers,  floating  point  operations 
(flops)  consume  considerably  more  tim.e  than  integer 
arithmetic  operations.  So  in  analyzing  algorithms,  all 
integer  operations  such  as  array  indexing,  loop 
overhead,  etc.  are  ignored.  All  three  triangular 
decomposition  algorithms  under  cor^ideration  have  a 
general  time  complexity  of  0(n  '  B  }  (where  n  is  the 
length  of  coetficleni  matrix  M  and  B  is  its  semi- 
bandwidth).  Although  the  time  complexities  are  the 
same  for  the  three  algorithms  discussed  in  this  paper, 
they  yield  different  execution  times  because  the  type 
of  operations  and  the  order  of  operations  is  different. 
For  example,  the  CholesKy  ^Ugorithm  uses  the  square 
root  operatiort  wfiereas  the  LU  decomposition  does 
not. 

In  analyzing  computational  floating  point 
complexity  for  the  CholesKy  algorithm,  the  number 
and  type  of  operations  in  the  forward  elimination 
phase  are: 

Number  of  sqrt.  mr\ 

Numberofdiv.  - 8(01/2)  (1/2)8" 

Number  ol  mult.  .  Btn/2  ■  1/6)+  8^((n;2)-1/2)  •  (1/3)B“ 
Number  of  add.  and  sub. »  n  +  B(|3/2)n  •  (2/3)) 

+  B2({n/2)-1)  •  (1/3)B= 

The  number  of  floating  point  operations  in  lotwatd 
eliminalion  phase  of  LU  decomposition  are: 

Number  ol  sqrt.  -  0 
Numberofdiv.  ■  (n.1/2)B  •  (1/2)B^ 

Number  of  mull.  .  (1/6)B  +  (n-i;2)B2  -  (20)0= 
Number  of  add.  and  sub,  •  (1/6)B  T(n-1/2)B^  •  (2/'a)B^ 

If  the  floating  point  operations  are  normalized 
with  respect  to  ‘lloating  point  add  time',  the  time 
efficiencies  can  be  more  comprehensively  described. 
Table  1  indicales  that  complex  multiplication  lakes 
about  S  times  more  time  than  complex  addition. 
Complex  division  takes  12  times  longer  and  complex 
square  root  takes  IS  times  longer.  Using  these 
numbers  as  weighting  factors  in  the  Hops  count,  the 
time  ellicioncles  can  be  expressed  as  lollows:  for 
Cholasky's  decomposition  : 

20n  +  1 6nB  -  7.5B  +  •  9.5B^  -  28^ 

tor  LU  decr-;nposition: 

12nB-5d  +  6nB^-9B2-4B3 
Figure  2  shows  a  comparison  of  the  noiir.alized 
floating  point  operation  counts  fr>r  Choleslty  and  LU 
decomposition  lor  dilferem  n's  and  a  fixed  B.  Figure  3 
compares  the  two  algotilhms  lor  a  fixed  n  but  dilterent 
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B‘s.  From  figures  2  and  3,  it  Is  concluded  that 
Cholesky  decomposition  yields  a  smaller  execution 
time,  hence,  this  algorithm  is  optimized  for  the  finite 
element  analysis  of  eddy  current  problems. 

4.1  Modified  Cholaaky's  Algorithrrr. 

Typically,  the  eddy  current  probe  impedanco  is 

the  desired  result  for  an  FEM  formulation  of  an  eddy 
current  problem  and  this  impedance  can  be 
calculated  from  the  magnetic  vector  potential  within 
the  coils.  The  FEM  code  may  calculate  the  magnetic 
vector  potential  in  every  element  but  when  the  desired 
potentials  are  available,  the  algorithm  can  be 
terminated.  Using  these  properties,  the  Cholesky 
algorithm  was  modified.  The  forward  elimination  phase 
of  the  algorithm  remains  unchanged  but  in  the  back 
substitution  phase,  the  sub^program  is  terminated  as 
soon  as  the  solution  for  the  last  desired  field  point  is 
obtained. 

4.2  Comparison  of  Execution  Times  for  a 

Sample  Problem. 

Execution  times  for  an  axi&ymmatric  eddy 
current  probfem  are  given  in  Figure  4.  which  shows  a 
comparison  of  5  algorithms  i.e..  UNPACK  [6],  LUDl, 
LUD2.  Cholesky  and  modified  Cholesky  on  a  sample 
‘dillerential  coil  in  tube"  problem.  From  this  figure,  it 
can  be  seen  that  LUD1.  LUD2  and  standard  Cholesky 
have  fairly  close  execution  times.  Forward  elimination 
is  carried  out  only  in  position  1.  For  the  remaining 
probe  coil  positions,  only  back  substitution  is  needed. 
The  forward  elimination  phase  of  Cholesky  is  slightly 
better  than  LU02  but  the  back  substitution  phase  of 
Cholesky  is  almost  exactly  the  same  as  LUD2.  The 
slope  of  run  time  (c;r  different  positions  of  the  coil  is 
thus  the  same  (or  LU02  and  Cholesky  decomposition. 
For  the  methods  considered  here,  the  modified 
Cholesky  routine  has  the  best  performance  since  its 
back  substitution  phase  Is  the  shortest.  Overall,  an 
improvement  of  more  than  25%  was  achieved  by  the 
modified  Cholesky  routine  over  standard  Cholesky 
and  LU  decomposition  programs. 

It  should  also  be  noted  that  pivoting  is  not 
necessary  in  the  forward  elimination  phase  wher) 
dealing  with  positive  delinile  matrices  [4|.  Since  we 
are  dealing  with  positive  definite  matrices, 
considerable  saving  in  time  is  achieved  in  the 
triangular  factorization  phase.  However,  as  a  check 
on  the  accuracy  of  the  non-pivoting  methods,  a 
standard  UNPACK  program  (sub-routines  CGBFA, 
CGBSL}  (6],  was  used  to  compare  the  results  since 
this  routine  uses  pivoting.  The  execution  time  of  the 
UNPACK  routine  Is  about  three  times  larger  compared 
to  a  customized  Cholesky  routine  for  decomposition 
and  the  solution  of  the  matrix  equation  in  this 
examplo,  but  all  routines  maintain  the  same  accuracy 
in  the  solution. 

5.  Cunclusiuiis 

This  study  began  when  lenglhy  CPU  times  were 
encountered  while  testing  a  two-dimensional  finile 
element  code  for  modeling  eddy  current  NUE.  In  an 
atlempl  to  improve  the  time-performance  ol  the  code, 
all  aspects  of  the  matrix  solution  problem  wore 


Figure  2.  Comparison  of  LU  and  Cholesky 
decomposilbn  floating  point  operation  counts  as  a 
function  of  the  number  ot  nodes  for  fixed  semi- 
bandwidth  (BaioO). 


Figure  3.  Comparison  of  LU  and  Cholesky 
decomposition  lloating  point  oueration  counts  as  a 
function  of  the  semi-bandwidth  tor  lixed  number  ol 
nodes  (n«3000} 


considered  in  detail.  Two  popular  methods  o\ 
impiemontlng  boundary  conditions  ws-e  evaluated. 
Careful  comparison  of  "blasting  factor"  and  the  "fs 
and  OV  methods  showed  that  the  latter  technique 
produces  a  more  sparse  intermediate  matrix  and 
results  in  smaller  execution  times  for  all  applications 
of  this  finite  element  model. 

A  comparison  of  dilferunt  algorithms  for  triangular 
decomposition  was  also  undorlaken.  Theoretical 
analysis  and  actual  run  time  performance  indicated 
that  Cholesky  docomposition  yields  better  executicn 


188 


times  then  LU  decomposition  lor  large  problems.  The 
Cholesky  algorithm  was  modilied  for  the  special  case 
ol  finite  element  formulation  of  eddy  currant  NDE.  The 
modified  Cholesky  algorithm  ,  combined  wKh  the  “I's 
and  O's’  boundary  condition  technique,  yields  an 
overall  improvement  of  a  factor  ol  three  over  the 
"blasting  factor’  boundary  condition  technique 
combined  with  LU  decomposition  used  In  earlier  work 
in  this  field  |5]. 
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ABSTRACT 

A  new  c<niatioii,  tlic  Apirroxiinatc  (Syininctric)  Coiirbincd  Field  Intcgial 

Eriuation,  is  incsontod  and  used  to  analyze  the  scattoriug  by  conducting  bodies  in  the  res- 
oniuice  region.  It  re.sults  iidni  a  linear  coinhiiiatiun  of  the  Electric  Field  Integrid  Equation 
with  the  Aiiproxiinate  (Syiuinetric)  Magnetic  Field  Integral  Equation.  The  matrix  asso¬ 
ciated  with  this  new  eriuation  is  synnnolric,  reducing  CPU  tixsie  and  computer  ineniory. 
Condition  numlxn'H  and  scattering  cross  sections  me  luesented  for  the  sphere  and  the  cube, 
and  c.onqiared  witli  those,  obtained  using  the  exact  integral  e.quation.  An  analysis  of  CPU 
time  and  coinputi’r  nieinory  spaei'  is  done. 

I.  INTRODUCTION 

When  dealing  with  tlu'  problem  of  scattering  by  coiiducllng  bodies  in  the  resonance 
region,  the  Combined  Field  IntegnU  Equation  (CFIE)  [1]  (a  linear  combination  of  the 
Electric  and  the  Magnetic  Field  Integral  E<iualions  EFIE  and  MFIE)  ensures  a  unique 
solution  for  the  re.sonant  freqtuuicit^s.  Usually,  the  Method  of  Momeiits  [2j  is  used  to  solve 
the  CFIE,  Imt  CPU  time  und/or  eomputer  memory  may  impose  severe  limitations  on  the 
dimeiitiion.s  of  the  hodie.s.  To  overcome  thc.sc  limitations,  s<;verul  approximations  have  been 
liioposed  (c.y.  (3|).  In  order  to  reduce  CPU  time  and  meiiiory,  the  authors  have  recently 
presentcsl  an  Aiiproxiiuate  (Symmetric)  Magnetic  Field  Integral  Equation  (A(S)MFIE)  [4], 
that  generates  a  .syiiuuelrie  matrix  when  Gulerkiu's  Method  (2)  is  used.  This  inatiix  is 
generated  by  taking  the  average  of  the  opposite  coefBcients  (refering  to  tlio  main  diagonal) 
of  the  MI'lE  matrix,  A  symmetric  matrix  lias  two  advantages:  it  needs  less  computer 
memory  to  be  stored,  and  its  factorization  time  Ls  about  half  of  the  vnlne  for  a  general 
iion-.symmetric  one. 

In  tliis  iiommuuication,  a  new  integral  equation  is  presented,  which  will  be  refered 
as  the  Approximate  (Symmetric)  Combined  Field  Integral  Equation  •  A(S)CF1E.  A.s  it 
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rcBults  from  the  linear  combination  of  the  EFIE  with  the  A(S)MFIE,  in  han  the  adviuitagc 
of  generating  a  symmetric  matrix,  which  is  not  the  case  for  the  CFIE.  The  triangular  patch 
basis  function  [5]  is  used  to  solve  the  A(S)CFIE.  The  spliere  and  the  cube  arc  used  as  test 
scatterers.  Results  are  shown  for  the  condition  number,  and  the  back  and  forth  scattering 
cross  sections,  and  a  comparison  is  made  with  identical  results  from  the  CFIE  and  others. 


11.  THE  APPROXIMATE  (SYMMETRIC)  CFIE 

Th<!  EFIE  and  the  MFIE,  which  formulate  the  problem  of  scattering  by  a  perfectly 


coiuhicting  body,  arc  (in  operator  form)  [1] 

=  F);  (1) 

I  -  F  (“) 

will'll' 

-^n  X  /  'I'lr,  r')  1-  V',.-  J,.(r')  V'>l<(r.  r')|  dS’  (3) 

dajuiStt  JS  *  ' 

il.yiiJ.v  ;  :  -u  X  —  /  J.vlr')  X  r')  d5'  (4) 

4  IT  Vs 

Fk- -  n  X  EXr)  (5) 

Fa,  n  X  n'(r)  (0) 


S  is  the  (closed)  surface  of  the  object  with  exterior  noiiinU  n,  J.s  is  the  unknown  .surface 
electric  current  density,  't  is  the  fiee-spaee  Creen’.s  fimt  lion,  and  E'.H'  are  the  ilieident 
electrie  and  magnetic  lields. 

Using  the  Method  of  Moinent.s  to  solve  tlie.se  e<iualions,  in  its  Calerkin  formulation, 
matrices  M*' ,  M  '^  au<l  veetors  V^',  of  tlimeusion  N  are  obt.iiiietl,  in  terms  of  a  surface 
patch  basis  function  b„  tuul  tt  imier  prixliict  <  f, g  >.  As  the  bicsis  fimi  lion  is  a  tangeiilial 
Vector,  all  the  components  of  the  electrie  field  can  lx-  coasidereil  in  its  i,itegral  eiinatiim 
and  the  coeliieieiits  of  the  matrix  einmlioii  eaa  !,<•  ex|)ressed  l>y 

>  (7j 

VC'=<E',b,„>  (8) 


wliere  tire  operator  is  leAvritteii  its 

£,,.j,  ^  I  [  >I-(r.  r')  +  V;.-  J,v(r')  V'<J-(r,  r')]  dS' 

471  JlU-Co  Jb  ^  ’ 


(0) 
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The  Reciprocity  Theorem  [G]  guarantees  that  this  operator  is  solf-adjoiiit,  therefore  the 
associated  matrix  is  a  symmetric  one.  The  coefficients  related  to  the  MFIE  are  given  by 

==<  b„/2,b,„  >  +  (10) 


V“=  <uxH'',b„>  (11) 

The  MFIE  operator  is  not  self-adjoint,  consequently  M“  is  not  symmetric. 


The  CFIE  c;ui  then  be  written  as 

ieJs  =  F),. 

(12) 

where 

(13) 

V'e  =  n  X  IF  h 

^0 

(14) 

cv  b<*iiig  tlio  paiatiif'tcr  of  the  linear  combiiiulioii. 
equation  are  then  given  by 

The  matrix  ajul  vector  of  the  niatrix 

M'-'  =  M'^  -t-  ^M'' 

(15) 

V*'  7^  -f 

(IG) 

As  in  the  ctiso  of  th  -'  MFIE,  M'’  is  not  symmetric. 

The  A(S)MF1E  has  been  proposed  with  the  purpose  of  reducing  the  Cl'U  time  and 
computer  memory  rclat<'d  with  the  exact  integral  cmiation.  This  aitproximatc*  ecpiatioii 
does  not  change  the  vector  of  tlie  MFIE,  but,  as  already  .stali-d,  the  matrix 

coefliciontu  are  taken  a-s  the  average  of  the  opjxisite  coefficients  of  the  MFIE  matrix,  i.e., 
^  (jyjM  ^  /2  (17) 

(the  superscript  *  stands  for  transposed);  this  upproximutiun  does  not  havi'  a  signilicanl 
error,  because  llie  contributions  of  the  non-integral  term  of  the  MFIE  operator  arc  at  least 
one  order  of  magnitude  greater  than  the  others.  The  A(S)MI‘TE  oiieiator  is  given  by 

Js  -  Jjs(r)  -  II  X  ^  £  Js(r')  x  V'>I-(r.  r')  dS' 

/  OK 

+  r  L  l"'  <'5'  (l«) 

ovr  os 

whore  the  ailjolnt  operator  of  Ci^n  iin.s  hcon  introduced,  and  it  has  been  irssmned  that  the 
inner  product  is  a 'symmetric  me. 

With  the  same  puqjosc  of  the  A(S)MFIB,  an  A(S)CFIB  is  proimsed.  It  is  obtained 
by  taking  the  linear  combination  of  the  EF’IE  with  the  A(S)MF1E,  instead  of  the  MFIE, 
i.t., 


1J2 


(10) 


or 


Csc^S  ==  ^SM^S  + 

Z/Q 


MSC  ^  «  j^E  (20) 

Zq 

leaving  the  vector  unchanged,  =  V^,  is  symmetric  (it  is  a  linear  combination 

of  symmetric  matrices),  and  that  fact  can  and  will  be  taken  into  consideration  in  the 
resolution  of  the  matrix  equation,  in  order  to  achieve  the  desired  reductions. 

It  is  known  that  the  MFIE  may  experience  some  difllrulties  when  the  object  does 
not  have  a  smooth  surface.  This  fact  has  been  confirmed  for  a  cube,  mainly  when  the 
frequency  of  the  incident  wave  is  above  the  first  resonance  (?];  the  solutions  from  the 
A(S)MFIE  present  also  a  significative  error  for  the  cube,  in  the  same  conditions,  but  for  a 
smooth  object  like  the  sphere,  the  solutions  from  the  MFIE  and  tlie  A(S)MFIE  arc  almost 
identical,  even  in  the  resonance  region  (7).  Thus,  it  is  expected  that  this  new  A(S)CFIE 
may  originate  solutions  with  some  error,  if  the  object’s  smface  pre.sents  edges. 


HI.  NUMERICAL  RESULTS 

llao’s  triangular  patch  basis  function  has  been  used  to  test  the  A(S)CF1E.  The  choice 
of  the  linear'  combination’s  parameter  has  been  a  =  1..  The  sphere  (radius  a)  and  the  cube 
(side  L]  were  used  as  scattcrers;  the  sphere  was  modelled  by  9C  patches,  corresponding 
to  144  unknowns;  two  models  were  made  for  the  cube,  a  OC  patch  and  a  192  patch, 
corresponding  rrispcctively  to  144  and  288  uirknowus,  and  designated  by  Mi44  and  M2B8. 
An  incident  plane  wa"c  is  considered,  luid  its  frequency  ranges  betwe-en  values  that  contmn 
the  first  two  resonairccs  of  ouch  object  (a/A  =  .437,  .CIO,  L/X  —  .VU7,  .860);  two  directions 
of  incidence  ore  coirsidcred  for  tire  cube,  one  normal  to  a  face  and  another  directed  to  a 
vertex,  both  with  horizontal  polnrizatioir,  Fig.l.  The  adequate  routines  of  UNPACK  [8] 
were  used  to  solve  the  matrix  equatioirs. 


(a)  normal  incidence  (b)  oblique  incidence 

Figure  1:  Cube  peripectivei  according  to  ihe  direction  of  incidence. 

The  condition  immber.s,  CN ,  associated  with  the  matrices  of  both  the  exact  and 
the  ''oroximate  CFIE,  erui  be  seen  in  Fig.2.  It  is  confinned  that  they  are  both  stable 
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CN 


(i)  ct,/\^  (it)  aj/\‘‘ 

(b)  normal  incidence 


o  ci-’ii:  'wi*i.n 
o  cKU:  iM.'uui 
U  A(H)CKIK 
A(s);n-'u: 


u/A 


(i) 


(a)  oblique  incidence 


(ii)  <t//A’ 


Figure  4;  Scattering  cross  sections  for  the  cube. 


in  frequency:  CN  is  almost  constant,  independently  of  the  model.  For  each  model,  the 
condition  number  related  to  the  A{S)CFIE  is  slightly  lower  than  the  one  of  the  CFIE  (a 
similar  behavior  has  been  noticed  for  the  MFIE). 

The  back  and  forth  scattering  cross  sections,  fTt.cr/,  have  been  calculated,  Fig.3- 
4.  The  results  for  the  sphere  arc  compared  with  the  theoretical  ones;  for  the  cube,  a 
comparison  is  made  for  the  backscatter  for  the  normal  incidence  with  results  from  [9]  (the 
only  available  case  in  the  literature,  as  far  as  we  known).  The  scattering  cross  sections 
obtained  for  the  sphere  by  the  CFIE  and  A(S)CFIE  are  almost  totally  superimposed, 
although  with  discrepancies  from  the  theoretical  values.  This  means  that  the  errors  are 
clue  to  the  model,  and  its  density,  used  for  the  sphere,  and  are  not  a  consequence  of  the 
approximations  made  in  the  integral  equation.  For  the  cube  there  are  some  differences 
bi'twceu  the  results  froiii  the  aiiproxiiuate  and  the  exact  equations,  hnt  there  are  also 
differences  hictwe.cn  the  two  models.  For  each  model,  CT(,  seems  to  be  less  sensitive  to  the 
ai)i>roximations  than  gj. 

A.s  far  us  the  code's  are  eoncerned,  only  the  routines  for  matrix  calculation  and  fac 
tori'/,ation  differ  in  both  eematinus;  all  the  otliers  remain  unchanged,  with  its  CPU  time 
depending,  at  the  most,  with  N‘.  The  time  to  calculate  the  A(S)CFIE  matrix  is  about 
90%  of  the  corresponding  litne  for  the  CFIE,  both  depc-ndiiig  on  this  value,  is  due 
to  the  fact  that  only  the  upper  triangle  of  the  syminelric  matrix  is  stored.  The  matrix 
factorisation  time,  which  varies  with  N'\  suffers  iUso  a  reduction  of  tlic  order  of  43%  flhi: 
order  of  the  number  of  operations  lowers  from  N''/2  to  N  '/d).  Hence  the  total  CPU  tiuu; 
for  the  A(S)CFIE,  when  compared  witli  the  CFIE,  ranges  from  75%  to  50%  when  N  varies 
between  100  and  1000,  which  l.s  a  slgnidcant  reduction. 

The  computer  meinory  iiecossary  to  solve  lK)th  equations  depeiid.s  mainly  on  the 
storage  of  the  matrix.  Thus,  its  value  is  almost  halve<l  (from  to  N{N  +  l)/2)  when 
one  uses  the  A(S)CFIE  ilitead  of  the  CFIE.  Although  nowadays  coiui>uter  meinory  is  not 
that  important,  this  is  also  a  significant  reduction. 

JV.  CONCLUSIONS 

An  Aiiinoxiiuate  (SynmieLric)  Coiuhinod  Field  Integral  Equation  has  licen  presenteil. 
Tills  new  equation  is  a  lineal  coiiiliinatiun  of  tlie  EFIE  witli  the  A(S)MFIE,  previously 
presented  by  tile  aulliors,  origiimtiiig  a  symmetric  matrix.  The  tiiaiigular  jiatcli  basis 
fimr.tion  was  used  to  lesse.ss  tills  ecpiatioii,  with  the  cube  and  the  sphere.  As  exiiected,  the 
approximate  equation  docs  not  suffer  the  effects  of  the  resonances,  wtiicli  can  be  confirmed 
by  the  condition  number.  Good  results  m'c  obtained  for  the  scattering  cross  sections, 
specially  in  the  case  of  the  sphere,  for  whicli  the  results  for  the  CFIE  and  the  A(S)CFIE 
are  almost  coiiicideiit;  for  the  cubi:  some  diserepnueies  are  found,  but  they  tend  to  become 
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smaller  when  the  patch  density  is  increased.  Therefore,  one  can  say  that  the  A(S)CFIE 
can  be  used  instead  of  the  CFIE,  for  objects  with  a  smooth  surface;  for  .objects  with  edges 
in  its  suilace,  is  appears  that  some  precautions  must  be  used  in  the  application  of  the 
approximate  equation.  A  reduction  of  about  half  is  achieved  in  CPU  time  and  computer 
memory. 
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New  Expansion  Functions  for  Long  Structures  in  the  MMP-Code 


P.  Lfuchtmann 
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i.'ii‘609S  Zurich,  Sivtticrland 
■t-41  1  S56  SJ  Sd;  FAX:  ■f41  ]  961  lO  96 


Summary 


Thr-  MNU’*codr  |1.2-3|  usrs  A  ptoblom  %dispt«d  ^xpaouon  of  the  elfctromagnrtic  iirld  (rathfr  than  an  ttx- 
paiihioii  of  ihe  nourcrs).  Hriicr,  a  ^MMP*rxpaniiion-function**  consists  of  six  field  components. 

In  the  CMC  of  lung  structures  (c.g.  thin  wiles,  edges  etc.),  the  classical  iiiuliipole  expansions  are  not  very 
efiirirnt.  The  thin  wire  option  [4]  has  been  impleinented  and  successfully  applied  to  complicated  situations 
(5).  In  specific  cases,  namely  when  the  field  in  the  citwe  vicinity  around  the  wire  does  not  have  circular 
symiiielry.  the  thin  wire  expansions  are  not  sufficient.  For  those  cases,  new  expansion  functions  have  been 
dovelopped.  I'hey  have  the  following  properties: 

•  Very  simple  anaiylicai  expressions  for  all  field  components: 

•  Hreuniv*^  cWcuiatiun  of  the  'higher  order  modes'. 

•  !aatisfy  Maxwell's  equations  in  the  doii^ain  analytically.  (Singular  only  on  a  line  of  finite  length) 

-s  Weak  variation  of  the  field  along  a  given  line,  but  strong  variation  peipendiculai  to  that  line. 


Mathamatical  expressions 

All  the  field  cuinponents  of  the  new  expansion  functions  may  be  wtiuer.  in  the  following  general  form;  (for 
a  straight  line  singularity  of  length  I  on  the  r^axis,  sUiting  at  z  •-  0) 

ff,„  ^  0  (1-3) 

=  rw.“2^‘rT)rr- 

IrMntl)]  (1-0) 

In  the  expressions  above,  the  symbols  have  the  following  meanings: 
u  r,if,2  are  the  cuiuniun  cylindrical  coordinates 

o  and  are  the  components  of  the  magnetic  and  the  electric  field  rcspectiveW 

o  /  is  the  length  of  the  singularity  on  the  i-axis 

f  I  >/^;  u;  and  c'  are  the  angular  frequency  and  the  complex  permittivity  respectively 
u  k  is  the  wave  number  of  the  medium  (complex  or  real) 

o  6'y,6'i  arc  the  functions  q  (x  -  for  j'  equal  0,/  respectively, 

o  Ti  is  an  integer:  the  'order'  of  the  particular  expansion  function 
o  n„  ,  and  ■y„  are  complex  parameters  which  will  be  defined  below. 


ts 
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Aftu  Sxjanaian  fVnciieai  Jot  Long  Str%et%Tti  in  Iht  MUP’Cudt 


Notf,  that  (1)  dricribcE  two  fxpansion  functions  with  cosn^  or  &inn^  dependency  respectively.  Similar 
formulae  are  true  for  another  set  of  two  expansions,  interchanging  sinil^  and  cotkl  in  the  brackets.  Fi¬ 
nally,  another  four  expansion  functions  are  described  by  multiplying  H  by  the  negative  square  of  the  wave 
impedance  and  interchanging  E-  and  //-components. 


Rccurilons 

For  the  calculation  of  the  0^',  •  •  •  in  (1),  the  following  procedure  is  used.  A  more  detailed  description  how 
these  recursions  have  been  found  will  be  given  in  the  full  paper. 

First  of  all,  a  basic  series  of  terms  is  calculated: 


60  • 


=  1; 


s/^u  -  ‘V 
“0  = - - 


+  (J  -  1)’ 
r’ 

\A’  +  (i  -  ly 


(2) 

(3) 


from  which  wc  obtain  liic  complex  nuiiibcrx  D„  Setting  i  :=  0  in  (2)  and  (3)  and  clranging  the  sign, 

the  numbers  .4^  are  obtained.  Now,  the  following  recursions  are  applied: 


O^'  = 

0 

a"' 

“"+1 

CC  2nQ^  +  An.i 

(4-1) 

il 

u 

PnU 

=  2,./3"' -1  £1.4, 

(4-2) 

*• 

0 

^"'t 

=-  2n7"'  +  19„ 

(4  3) 

a«*'  =  d"'’4  A„.,; 

d"'  0; 

A.'?,  =  (>*  +  +  A"") 

(8-1) 

0"*  =  0; 

(8-2) 

h"'  =  +  £.,1 

7c"^=0; 

i":",  =  (" + 1)(7«"‘‘  d  yi'n 

(5-3) 

oi" 

=  0 

(8-1) 

0tt‘ 

=  0 

(O' 2) 

»n 

=  0 

(0-3) 

and  for  the  parameters  of  the  £-compoiientt 

=  An'  +  nAn  +  1  /1„43  -  i’r’/t,; 

0S'  =  +  «2^n  +  l  - 


oS'  =  Ui  Ai+,  -  (><  d  J)(2Ar  -  k^T^A„)  (7-1) 

Pt  =  O'.  PSii  =  («  +  >)(2^f  -  k^r'D,,)  (7-2) 

(7-3) 


=  0;  qJ'*’  =  dj'*’  -i  I  VX„. ,  -1  A„4 

PS*  =  0;  0^'^  +  k\^D„_  ,  + 


Af”  =  0;  +  4’r’A„. ,)  (8-1) 

Pf''  -  P^U  H  £„ - . )  (8  2) 

(8-3) 

(9-1) 
(9-2) 
(9  3) 


—  A„42 

/j®'  -  i9,+  3 
y^‘  =  On^l 


R«iults 


As  a  simple  example,  the  held  of  a  L-shaped  structure  is  calculated.  (Sec  figs  1  and  2}  The  vertical  branch 
has  a  length  of  half  a  wave  length  A,  the  horixontal  branch  is  one  X  long,  and  both  arc  A/20  thick.  The  L  is 
made  of  good  conducting  niaterial,  and  the  excitation  is  a  plane  wave,  coining  from  top  right  at  an  angle  of 
30*^  to  the  vertical,  linearly  polarized  in  the  L-plaiie. 

More  examples  will  be  given  in  the  full  paper. 
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Btpan$ion  l\neUoni  for  Long  Simtlutt*  in  th*  MMP-Codt 


Fiaun  1  I'hf  field  hi  the  clo»e  vivmiiy  of  h-ihaped  tlruclure.  It  It  thown  hi  three  perpendicuUr  pUnei.  WUh 
retpec-l  to  eacit  ploL^plaiic,  the  (rtaiiKlet  give  the  taiigeiUial  compuneiil  Riui  the  circles  the  nuriiul  coin- 
poiieiU  of  the  uiitaiiiaiieoui  value  of  the  Voynlhig  vcclui. 
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DIRECT  SOLUTION  OP  THE  WAVE  EQUATION 
USING 

PARALLEL  CQHPUTATIQNAL  TECHNIQUES 


R.C.  HohUsld^,  S.U.  and  6.  v.  U.  Sandri* 

Abstract 

This  rasearcb  is  concsrnad  altU  the  devalopaent  of  computational  tech¬ 
niques  utilising  parallel  computer  architectures  which  are  appropriate  to 
sinulation  of  save  propagation  from  radiating  elements  in  an  antenna  array. 
We  have  impleneated  numerical  solutiona  of  the  wave  equa.>ion  in  a  parallel 
computer  architecture  to  gain  a  computational  speed  advantage  and  to  develop 
direct  simulation  techniques  (based  on  a  description  dependent  only  on  'local 
physics')  which  are  an  accurate  representation  of  the  physical  system. 
Stable,  energy  conserving  integration  schemes  for  the  wave  equation  represent¬ 
ed  in  finite-difference  form  have  been  developed.  Hy  using  using  a  nine-point 
f inite-differenco  solution,  developed  by  Vichnevetslcy  and  Bowles,  a  two-dimen¬ 
sional  scalar  wave  can  be  physically  propagated  through  tho  processors  of  the 
Connection  Uachine,  which  correspond  to  spatial  node"  of  a  computational  mesh. 
The  (2+l)D  scalar  wavs  equation  was  simulated  since  this  is  tho  simplest  case 
which  could  be  tested  requiring  solution  of  a  multi-dimensional  hyperbolic 
partial  differential  equation.  Once  this  has  been  achieved,  proceeding  to  the 
(34^1)0  scalar  wave  equation  and  the  full  vector  wave  equation  should  be  com¬ 
paratively  straightforward.  These  integration  schemes  have  been  extended  to 
include  terminating  boundary  conditions  permitting  the  simulation  of  the  freu- 
space  wave  propagation  on  a  finite  computational  mesh  The  simulation  is 
characterized  by  isotropic  propagation  whose  spatial  and  temporal  response  is 
a  function  of  the  constitutive  parameters  of  the  medium  in  which  the  wave  is 
propagating.  Since  each  processor  represents  a  point  in  space  the  physical 
constants  («,  ji,  and  ff)  stored  in  each  processor  could  be  chosen  to  represent 
an  arbitrary  geometric  distribution  of  these  parameters.  Therefore,  the  com¬ 
putational  requirements  of  these  simulation  are  only  dependent  on  the  the 
physical  size  of  the  computational  mush  and  are  independent  of  the  geomutry  of 
the  simulation.  This  type  of  simulation  can  be  used  as  an  effective  tool  to 
simulate  wave  propagation  in  inhomogeneous  media  with  an  arbitrary  spatial 
distribution  of  sources  and  reflectors.  It  is  also  appropriate  as  a  method  of 
evaluating  antenna  performance  in  both  the  fur  and  near  field. 
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Flnite-dif f arecca  aolutioQB  oi 
hyperbolic  dlff eronti&l  equations  in 
two  or  Bore  dimeasiouB  pose  a  dif¬ 
ficult  coaputational  problaii  owing  to 
nuaerical  iuatabilitias  exhibited  by 
discratisad  versions  of  these 
aquations  (Bildebrand  1068;  Smith 
1005) .  A  Buitabla  approach  for  solvi¬ 
ng  tba  wave  equation  on  a  spatial  grid 
of  two  dimensions  [i.a.  the  (2+l)Q 
case]  was  developed  by  Vichnevatsky 
and  Bowles  (1082) .  In  this  approach 
the  Laplacian  operator  is  approximated 
by  an  appropriate  convex  combination 
of  difference  operators  involving 
nearest  neighbors  and  next-to-uaarest 
neighbors  on  the  computational  grid. 
This  algorithm  was  shown  to  exhibit 
isotropic  wave  propagation,  in  the 
limit  of  an  infinitely  long  wave 
train,  despite  the  underlying  rectung- 
ular  computational  grid. 

We  have  demonstrated  that  this 
algorithm  is  suitable  for  implementat¬ 
ion  on  a  massively  parallel  computer 
with  proceesors  arranged  on  a  boolean 
hypercubo,  specifically  on  the 
Conuectiou  Uachine-2  (Hillis  1085; 
Doghoeian  1090) .  In  this  implementat¬ 
ion  each  point  in  space  is  mapped  to 
particular  processor  (or  virtual  proc¬ 
essor)  and  construction  of  the  requir¬ 
ed  finite  difference  operators  of  the 
Viebnevetsky  and  Bowles  algorithm  is 
readily  accomplished  by  interproceseor 
communications  on  the  boolean  hyper- 
cube.  In  our  development  of  thio 
technique,  we  show  that  the  wave  pro¬ 
pagation  speed  (effectively  the  square 
root  of  the  'dielectric  constant')  may 
be  assigned  independently  at  each  grid 
point  (processor)  and  that  sources  and 


reflecting  eurfaces  may  be  established 
in  an  arbitrary  geometry  with  spatial 
resolution  equivalent  to  the  resolut¬ 
ion  oi  the  coaputational  grid.  Thus 
geoaetri.c»1  ly  complux  simulations, 
which  treat  near  field  and  far  field 
on  an  equivalent  basis,  may  be  consid¬ 
ered  without  computational  penalty ; 
execution  times  are  effectively  indep¬ 
endent  of  these  geometric  issues. 
Computational  rates  in  tho  GFlop  range 
(1  CFlop  =  10°  floating  point  operat¬ 
ions  per  second)  are  rountinely 
achieved. 


In  addition  to  our  parallel  imple¬ 
mentations,  we  have  also  further  inve¬ 
stigated  the  numerical  properties  of 
the  Vichnevatsky  and  Bo ties  algorithm. 
In  particular,  we  have  addressed  the 
transient  behavior  of  tie  algorithm  by 
Z-transform  techniques  and  also  demon- 
strata  that  the  algorithm  is  always 
energy-conserving  at  least  in  the 
mean,  and  for  appropriate  choices  uf 
parameters,  conerves  energy  instanteo- 
usly  (i.e.  at  each  time  step). 


II  AHALYSIS  OF  THB  FIWITB  DIFVBWBNCE 
SOLUIiaSS  OF  THB  HDHOQBNBOU3 
f2*llD  VAVK  BaUATIOW  USING  IHB 
NIWB  POIHT  FINITB  PIFFBEBWCB 
AlCOIITHH 

II. 1  -  Introduction 

In  this  section  we  examinu  a  dicc- 
ratised  modal  of  the  (2+1)0  wave 
equation  which  we  have  implemented  on 
the  Connection  Uachine.  This  work  is 
an  application  and  extension  of  the 
work  of  Viebnevetsky  and  Bowles  (1682) 
which  was  directed  towards  the 
solution  of  the  wave  equation  on  a 
computational  mesh.  We  outline  hero 
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the  basic  algoritha  propoaad  by 
VichDevataky  and  Boalaa  and  analyse 
briefly  the  ability  of  this  aathod  to 
support  isotropic  wave  propagation 
despite  the  underlying  rectangular 
coaputatioual  aash.  We  further 
analyse  the  algoritha'a  stability  and 
the  conservation  of  energy  of  the 
siaulation.  The  stability  analysis, 
in  particular,  includes  new  results  on 
the  transient  response  properties  of 
the  algorithm. 

II. 2  -  Nine  Point  Algorithm  for 
(2+l)D  Simulations  of  Wave 
Propagation 

The  scalar  wave  equation  in  (2+1) D 
can  be  written 


Ufm+l.l.nl-2Ufa.l.nUU(m-l.l.nl  ^ 

•“x 

U(n.l+l.nl-2m’a.l.nWU(m.l-l.nl 

Ufa.l.n+l'l-2UfB.l.n)+Ufn.l,n-l) 

2.2 


I 


p - 

_  y. 

y . ^ 

!X  _  _J 

» . W  '• 

ax^  8x^ 

,1  a^fx.y.f) 

c“  3t^ 

The  partial  derivative  can  be  repre¬ 
sented  in  finite  difference  fora  as 

tt  ^2 

Here  the  time,  t=nA  and  x^^^mh.  The  new 
variable,  y,  is  defined  equal  to  Ih. 
Since  we  are  using  a  square  computat¬ 
ional  mesh,  the  spatial  increment  in 
the  y  direction  is  equal  to  the  spat¬ 
ial  increment  in  the  x  direction. 
Therefore, 

(3)  hy  hjj  =  .1 

Whan  these  definitions  are  used  and 
equation  (1)  is  put  into  finite  dif¬ 
ference  form  then 


Fiauro!  1  Picture  of  a  sample  of 
the  computational  mesh  showing  how  the 
processors  ai'«  interconnected  on  a 
NliWS  (north,  east,  west,  and  south) 
grid  for  the  recursiou  formula  in 
equation  (8) . 


If  equation  (3)  is  substituted  in 
equation  (4)  then 


(5) 


_1_  f  U  (n+1 , 1 ,  n) +U(iii-1 , 1 ,  n)  + 


Ufni.l+l.nU»fw.]-l.n)-4U(m.l.iO 


tl(w.l.ii+ll-2Ufai.l.n’l+U(a.l.n-ll 

2.2 

c  n 


If  equation  (b)  is  solved  for 
U(m,l,n+1)  the  resulting  recursion 
formula  is 
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U (m+1 , 1+1 ,n) +0 (m+1 , 1-1 , n) 


(6)  U(m,  1,11+1)  = 

2U(ia,l,n)  -  U(m,l,n-1)  + 

*^Ulm+t.l.n1+Ufm-l.l.nU 


Urm.l+l.nl+U(iii.l-l.n^-4U('ffl.l.n'l 


Figure  1  is  a  picture  of  a  sample  of 
the  computational  mesh  showing  how  the 
processors  are  intaroonuected  on  a 
NEWS  (north,  oast,  west,  and  south) 
grid  for  the  recursion  formula  in 
equation  (6) ,  The  pattern  formed  by 
the  information  path  required  by  each 
procosBor  is  called  a  stencil.  To 
calculate  the  next  value  at  processor 
P(m,l)  requires  information  of  the 
present  state  of  all  its  nearest 
neighbors  and  its  self  at  time  n  as 
well  as  its  past  state  at  time  a-1 ■ 
If  a  line  is  counected  to  all  the 
points  in  the  stencil  like  the  dotted 
line  in  figure  1  they  form  a  diamond. 
Vichnevetsky  and  Bowles  dubbed  the 
spatial  operations  in  equation  (6)  as 
the  diaaonl  operator,  01^(ii,l,n),  which 
is  defined  as 


U  (m-1 , 1+1 ,  ii)  +0  (m- 1 , 1- 1 ,  n)  -4U  (m,  1 ,  n)  j 

U  (ni.l.  0+11-21)  fin  .l.nl  +U(’m.l.n-1') 

2,2 

c  & 

and  the  recursion  equation  becomes 


(8)  U(m,l,n+1)  = 

2U(m,l,n)  -  U(m,l,n-1)  + 

..2f 


2h' 


U (m+1 , 1+1 , n) +U (m+1 , 1  - 1 , n)  + 


U(m-l,l+l,i')+U(m~l,l-l,n)  -4U(m,l,n) 


Qu(uUb)» 

Y  ■ 

1  1 

“  0- . i . ^ 

(7)  4U(u,l,a)  s 

U(m+l,l,nj+U(m-l,l,n)+ 

U(m,l+l,n)+U(a,l-l,u)-4U(m,l,n) 

A.  closer  look  at  figure  1  shown  that 
the  stencil  can  be  rotated  to  form  a 
different  five  point  recursion  relat¬ 
ion  where  the  information  to  calculate 
the  value  of  processor  ?(m,l)  at  time 
n+1  comes  from  its  next-to-nearest 
neighbors.  The  spatial  distance  dis¬ 
tance  batveon  the  processors  is  now 
The  finite  difference  form  of  the 
equation  would  then  become 


Fiituro !  2  Picture  of  a  sample  of 
the  computational  mesh  showing  how  the 
processors  are  interconnected  on  a 
next-to-nearest  neighbor  (north-east, 
north-west,  south-east,  and  south¬ 
west)  grid  for  the  recursion  formula 
in  equation  (9) . 

Figure  2  is  a  sample  of  the  compu¬ 
tational  mesh  which  shows  how  the 
stencil  for  this  five  point  difference 
equation.  If  a  line  is  connected  to 
the  ends  of  the  stencil  in  this  con¬ 
figuration  they  form  a  square.  The 
square  operator  is  the  spatial  operat- 
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ion  in  equation  (0) .  The  square 
operator,  dU(m,l,n),  in  defined  as 

(10)  dU(m,l,n)  H 
-^^U(o+l,l+l,u)  +U(tt+l,l-l,n)  + 
U(B-l,Ul,a)+U(iii-l,l-l,n)-4U(ia,l,n)] 

Using  either  the  diamond  or  squai'o 
operator  to  reprosent  the  discretized 
form  of  the  Laplacian  leads  to  aniso 
tropic  nave  propagation.  Vichnevetsky 
and  Bowlci  demonstrated  that  an  appro¬ 
priate  convex  combination  of  the  dia¬ 
mond  and  square  operators  leads  to  a 
substantially  isotropic  propagation 
(to  fourth  order  in  the  save  ampli¬ 
tude)  .  The  wave  equation  in  full 
finite  difference  form  with  the 
weighting  parameter  )3  to  define  this 
convex  combination  becomes 

(11)  U(m,l,n+l)-2U(m,l,n)+U(B,l,n-l) 

2 

“  *  (I'/JJ^*  ]“(«>. 1. a) 


11.3  -  Stability  Analysis 

We  shall  consider  the  stability  of 
these  finite-difference  equations 
using  the  von  Neumann  and  Richtmycr 
method  (1060). 


Figure;  3  Plot  of  u  versus  s  as  a 
function  of  ^  foi  the  dispersion 
relation  in  equation  (40) .  u  and  K 
have  a  range  of  (O-r)  and  ^  has  a 
range  of  (0-2r) .  A  and  h  equals  one . 
c  equals  I  (^=»1)  . 


Isotropic  propagation  is  obtained  for 
/9>0.6.  This  is  the  finite  difference 
f>vm  used  through  the  remainder  of 
this  research  and  which  is  simulated 
on  the  Connection  Uachiue.  The  recur- 
siciu  formula  from  equation  (11)  is 

(12)  U(B,l,n+l)  - 
2 

]u(u,l.t) 

+  2U(u,l,n)  -  U(m,l,n-1) 

Now  that  we  have  a  finite  difference 
fora  of  the  wave  equation  that  is 
isotropic  the  regions  of  parameter 
space  for  stable  operation  can  be 
evaluated. 


The  dispersion  relation  obtained  as  a 
result  of  the  stability  analysis  is: 


Figure  3  is  a  plot  of  the  dispersion 
relation  given  in  equation  (13)  where 
h  and  A  are  equal  to  one  and  c  is 
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normalized  to  one  (i;=l)  •  From  the 
stability  analysis  know  that  the 
oaxioum  stable  value  of  d  is  r .  This 
plot  shoKS  the  dispersion  to  be  very 
weak.  However  varying  x  varying  A, 
affects  the  peak  value  the  angle  6  can 
attain,  while  varying  X  varying  c 
only  affects  only  the  rate  at  which  6 
will  approach  a  maximum.  Varying  A 
will  always  return  a  smaller  angle 
than  varying  c. 

11.4  -  Energy  Conservation 

For  the  (2+l}D  wave  equation  we 
have  shown  that  if  the  solution  meets 
our  criteria  for  stability,  it  is 
guaranteed  to  at  least  conserve  the 
average  energy,  and  possibly  the  in¬ 
stantaneous  energy  exactly  if  the  free 
variables  are  chosen  appropriately. 
We  can  write  the  general  solution  to 
the  finite  difference  equation  by 
taking  the  sum  of  all  possible 
solutions  as  the  general  solution. 
Therefore  for  i;fl, 

(14)  7(m,l,u)  =  0(ni,l,n)  i  tl(m,l,n) 

=  a  a 

X  2 

5  6 

7  o 

where 

Oj  <«  a^  ♦  tbj  {1  f  j  S  8} 

For  the  (2+1) D  complete  wave  equation 
there  are  eight  poseible  solutions  and 
sixteen  free  variables.  From  the 
definition  of  the  Pcyntins  Vector  if 
ths  energy  per  meter  squared  is  con¬ 


stant  then  the  energy  is  conserved. 
The  energy  can  be  found  by  finding  the 
modulus  of  the  function  7(m,l,n).  An 
explicit  expression  for  the  energy  in 
(2+1) D  can  be  written  (Sparagna  1080) . 
It  can  be  shown  that  in  this  express¬ 
ion,  by  cho-  'ing  the  free  variables 
correctly  ^2.1  the  sine  and  cosine 
terms  will  be  zero  and  the  energy 
density  will  bo  a  constant. 

II. 5  -  Analysis  of  the  Finite 
Difference  Solutions  and  Free 
Space  Boundary  Conditions 

In  the  last  section,  we  showed 
that  the  nine  point  algorithm  proposed 
by  Vichnevetsky  and  Bowles  allows  the 
direct  solution  of  the  complete  wave 
equation  in  finite  difference  form. 
With  the  exception  of  the  requirement 
imposed  by  the  Nyquist  limit  on  the 
computational  mesh  and  frequencies, 
ths  only  limitation  is  that  for 
guaranteed  stability  the  value  of  X 
must  bs  lass  than  or  equal  to  one.  In 
this  section  the  nine  point  algorithm 
will  be  treated  analytically  foi*  an 
initial  boundary  condition,  where  at 
some  pre-assigued  position  the  value 
of  the  field  will  bo  bound  to  the 
function  sin(flnA)  .  The  frequency  (i 
should  be  selected  such  that  QA  is 
less  than  or  equal  to  W.  In  this 
section  the  value  of  X  will  be  varied 
to  see  if  the  appropriate  increase  in 
the  wave  aumbei-  s  is  observed.  The 
potential  utility  of  these  simulations 
lies  in  the  ability  to  treat  physical 
systems  rigorously  in  a 
computationally  expedient  manner. 

In  this  section  we  will  analyse 
the  nine  point  2 iuite-diff urence 
elgorithm  by  using  the  Z  and  discrete 
Fourier  transforms  to  solve  for 
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U(m,l,D)  from  the  initial  conditions 
U(m,l,0)  and  U(m,l,-1).  We  start  by 
substituting  the  initial  conditions 
into  the  nine  point  finite-difference 
e(iuation  below, 

(16)  U(m,l,n+l)-2U(ic,l,n)+U(m,l,n-l)  = 

-^^U(a+l,l+l  ,n)+U(B+l,l-l,n) 

+U (m-l , 1+1 , n) +U (m-1 , 1-1 , n) -4U (m , 1 , n) j 

+  -^[u(m+l,l,n)+U(m-l,l,ii) 

+U(iii,  1+1 ,  n)  +U  (la ,  1-1 ,  n)  -4U  (m ,  1 ,  n)  j 

and  find  the  particular  form.  The 
boundary  condition  is  an  infinite  line 
source  at  the  origin  which  is  repre¬ 
sented  as  a  delta  function  in  m  and  1 
and  a  sinusoid  in  n. 

(10)  U(0,0,n)=  sla(nnA) 

The  initial  condition  is  specified  as 

(17)  U(B,n,-l)  =  0 

We  have  shown  that  the  nine  point 
algorithm  on  the  Connection  Kachine 
very  accurately  simulates  wave  propa¬ 
gation  in  (2+l)D,  wiith  some  limitat¬ 
ions.  The  analysis  predicted  and  it 
was  verified  that  the  nine  point  algo¬ 
rithm  exhibits  a  precursor  or  'super- 
light*  propagation  due  to  the  discrete 
nature  of  the  computational  space.  It 
was  also  demonstrated  that  the  effect 
wau  a  startup  transient  which  propa¬ 
gates  off  the  grid  and  does  not  effect 
the  steady  state  solution  for  sinu¬ 
soidal  sources.  We  have  also  demon¬ 
strated  that  the  Nyquist  limits  on  the 
grid  parametere  and  the  compenaatian 
required  due  to  the  non-linear  disper¬ 
sion  relation  for  tha  wave  number  or 


the  propagation  speed.  Now  that  the 
utility  of  the  simulation  has  been 
demonstrated,  the  problem  of  simulat¬ 
ing  a  free  space  environment  on  a 
finite  computational  mesh  must  be 
considered.  The  next  paragraphs  dis¬ 
cuss  simulation  of  a  free  space  (non¬ 
reflecting)  boundary  condition  for  the 
(1+1)D  and  (2+l)D  complete  wave  aquat¬ 
ions  in  finite  difference  form  on  a 
finite  mesh. 

liany  authors  have  treated  the 
problem  of  free  space  boundary  condit¬ 
ions  for  numerical  wave  propagation. 
Smith  (1974)  proposes  a  method  of 
stopping  reflections  from  the  boundary 
by  the  superposition  of  solutions 
using  Neumann  and  Dirichlet  boundary 
conditions.  Tbis  entails  forcing  the 
derivative  of  U(m,l,n)  at  the  boundary 
equal  to  be  moro  along  with  the  fun¬ 
ction  U(m,l,n).  The  reflections  at 
the  boundaries  will  be  equal  in  ampli¬ 
tude  but  out  of  phase  by  v.  By  super¬ 
posing  one  solution  on  the  other  at 
the  boundary,  the  reflection  is  elimi¬ 
nated.  However,  it  can  be  shown  that 
to  calculate  the  derivative  exactly 
requires  twice  as  many  data  points  and 
the  propagation  of  two  decoupled  sol¬ 
utions.  For  large  simulations  this 
may  became  a  limitation  owing  to  mem¬ 
ory  space  requirements.  Another  meth¬ 
od  of  preventing  reflections  is  to  use 
the  properties  of  the  advectirn  equat¬ 
ion,  a  first-order  hyperbolic  equation 
which  supports  unidirectional  wave 
propagation.  Israeli  and  Orssag 
(1980)  pi'opose  two  methods  oC  using 
these  properties.  One  is  termed  the 
sponge  boundary  condition.  By  sub¬ 
tracting  tha  proper  advection  aquation 
to  the  wave  equation  with  a  proper 

.  s-V- _ ..la.  /-t.lXtV  _ _ .IJ  V- 
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(18)  2  -  2  2 

8x  c  ot 

au(x.t^  .  _i_  uf  fx.t)i 
8x  ’’  c  Ot  J 

Any  solution  ol  ths  fora  (x-ct)  would 
fores  ths  term  in  parenthesis  to  sero 
and  will  have  no  effect  on  the  propa¬ 
gation.  However,  any  reflection  will 
be  on  the  other  characteristic  (x+ct) 
and  add  a  first  order  damping  term 
whose  magnitude  is  controlled  Hy  £ . 
The  other  method  is  to  change  the 
solution  from  the  full  wave  equation 
to  the  proper  advection  equation  at 

some  predetermined  point  interior  to 

the  boundary.  Since,  for  x  equal  to 
one,  the  complete  wave  equation  and 
the  advection  equation  are  equivalent 
in  the  proper  direction,  there  is  no 
discontinuity  at  the  crossover  point, 
and  when  the  wave  hits  the  boundary  it 
will  not  reflect.  This  last  method  is 
of  the  most  utility.  It  will  cancel 
the  wave  completely  and  does  not  need 
a  dedicated  finite  region  (or  termi¬ 
nating  sono)  to  cancel  the  wave,  as 
compared  to  the  first  method  of 
Israeli  and  Qrszag  which  only  damps 
the  reflection  and  requires  a  dedicat¬ 
ed  region  (which  comes  at  the  expense 
of  the  simulation  space)  .  The  method 
of  Smith  cancels  the  wave  exactly,  but 
requires  twice  as  many  processors  and 
causes  some  problems  on  the  definition 
of  the  edge  of  a  reflector  or  dielec¬ 
tric  zone  in  the  simulation. 

The  technique  which  is  used  here 
is  a  crossover  scheme  where  the  wave 
equation  changes  from  the  complete 
wave  equation  to  the  appropriate  ad¬ 
vection  equation  before  the  boundary. 
This  only  requires  testing  which  one 
of  the  boundaries  is  being  approached. 


In  (1+1)D  this  method  is  natural  and 
the  easiest  to  implement.  However,  in 
(2+l)D  the  advection  equation  is  not 
linear  and  cannot  be  used.  This  re¬ 
quires  that  the  wave  be  decomposed 
into  normal  and  parallel  components. 
The  normal  components  will  pass 
through  the  crossover  region  and  be¬ 
come  a  plane  wave  which  is  now  a  one¬ 
dimensional  problem  and  the  linear 
one-dimensional  advection  equation  can 
then  be  applied.  The  parallel  compon¬ 
ent  will  propagate  along  until  it  hits 
the  other  border,  which  by  design  it 
IS  normal  to,  and  can  thus  be  termina¬ 
ted  in  the  same  fashion. 

To  terminate  the  propagating  wave 
in  the  (2+l)D,  the  wave  must  bo  decom¬ 
posed  into  its  normal  and  parallel 
components  at  the  boundary .  When  the 
proper  advection  equation  shown  is 
applied  at  the  four  boundaries  of  the 
grid,  this  is  essentially  what  hap¬ 
pens.  At  the  crossover  point  the  wave 
can  be  represented  by  two  orthogonal 
components.  Since  the  advection  equa¬ 
tion  cauj  only  take  information  from 
space  and  time  which  is  behind  it  (or 
towards  the  source) ,  it  cannot  corrupt 
its  value  from  erroneous  data  in  front 
of  it.  It  automatically  correctly 
calculates  the  value  of  the  normal 
component.  From  this  point  on,  the 
propagation  is  along  normal  lines 
which  are  completely  decoupled  from 
each  other.  The  parallel  conpoiiont 
cannot  propagate  past  the  boundary,  .u 
it  propagates  along  the  boundary  *.1 
it  hits  a  perpendicular  boundary . 
Since  the  boundaries  are  normal  to 
each  other  the  reflection  which  is 
parallel  to  one  boundary  will 
propagate  normal  to  the  other  aud  be 
terminated.  Thu  only  special 
condition  is  how  to  handle  the  corners 
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nhere  the  boundaries  cone  together. 
For  this  research,  they  have  been 
assigned  arbitrarily  to  one  of  the 
boundaries.  The  error  is  saall  enough 
as  to  be  uninportant  except  «hen  very 
high  dynaaic  ranges  are  required.  For 
exaaple,  for  nulls  in  a  pattern  ehich 
are  down  greater  than  30dB  this  might 
have  an  effect.  However,  there  is  no 
absorption  sone  required  for  this 
method  and  the  crossover  point  could 
be  right  at  the  boundary.  Since  any 

reflection  from  the  boundary  will 
•*2  “1 

decay  as  E  versus  E  for  the  inci¬ 
dent  wave  the  effects  will  be  greatly 
reduced.  Also  it  takes  a  long  tiae 
before  the  cumulative  effects  of  four 
points  along  the  whole  surface  can 
reflect  enough  energy  into  the  system 
to  be  seen.  The  simulation  only  needs 
to  run  until  all  the  wave  fronts  have 
reached  the  boundaries.  This  reduces 
the  effect  below  the  level  of  signifi¬ 
cance. 


Figure  4  demonstrates  the  free 
space  boundary  condition.  The  fre¬ 
quency  of  the  source  is  ».  The 
parameters  h,  A,  and  c  are  all  equal 
to  one.  The  source  is  at  processor 
P(83,63)  and  the  grid  is  cold-booted 
to  be  128X128.  The  time  mark  is  taken 
at  n  oqvnals  9U.  This  is  enough  time 
for  the  wave  to  hit  the  boundary  and 
to  have  propagated  half  way  back.  The 
crossover  points  are  at  m  and  1  equal 
to  23  and  103.  The  corners  are  as¬ 
signed  to  the  m  direction.  A  rod  lino 
demarcates  the  crossover  region  in 
both  plots.  There  are  no  reflections 
and  no  perceivable  impact  on  the  field 
in  this  linear  display . 

We  have  demonstrated  the  effoct- 
ivensss  and  the  advantages  of  the 
advection  equations  using  Newton’s 


forward  and  backward  difference  forms 
in  terminating  the  complete  wave  equa¬ 
tion  in  (24^1)0.  The  reflections  are 
largely  eliminated  from  the  boundary 
and  the  interface  from  the  complete  to 
the  advection  equation  only  causes 
small  perturbations  at  the  corners, 
which  are  insignificant  and  could  be 
eliminated  if  the  corners  are  treated 
specially.  Now  that  we  have  developed 
the  tools  to  simulate  the  wave  equa¬ 
tion  on  a  computational  mesh  more, 
complicated  antennas  can  be  examined. 
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IXI.l  -  Introduction 

Up  to  this  point  we  have  only 
dealt  with  simulations  of  a  single 
element  to  develop  and  validate  the 
algorithms.  The  real  utility  of  these 
simulation  techniques  will  be  in  the 
modeling  of  complicated  antenna 
geometries  in  inhomogeneous  media.  In 
this  section  we  will  simulate 
classical  antenna  arrays  and  verity 
that  the  beam  steers  and  the  sidelobes 
generated  by  the  simulation  are 
correct.  Also  we  can  demonstrate  the 
ability  of  the  simulation  to  model 
both  the  far  and  near  field  patterns 
which  is  analytically  intractable. 
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III. 2  -  Pli2ksed  Arrays  in  Homogeneous 
Uedia 


The  first  antenna  simulation  is  a 
two  element  array  elements  spaced 
eight  processors  (g)  apart.  The 
parameters  are  ;i;-cA/h=l,  h=l,  and  A=l. 
The  frequency  of  the  source  is  (!!)  ^ 
and  the  source  is  centered  at 
processor  P(63,63)  on  a  128X128  pro¬ 
cessor  configuration.  One  source  is 
at  processor  P(63,67)  and  the  other  is 
at  processor  P(63,56) .  Both  sources 
are  driven  in  phase  with  an  amplitude 
of  one.  Figure  S  is  the  linear 
display  of  the  two  element  array  with 
a  time  mark  at  n  equals  100. 

The  next  simulation  shown  in  fig¬ 
ures  0[a,b]  is  with  an  eight  element 
^iuomial  array.  All  the  elements  are 
2  apart  and  the  C.U.  is  configured 
with  a  26QX2SQ  processor  dimension. 
The  geometric  center  of  the  array  is 
at  processor  F (127, 127)  and  the  ele¬ 
ments  are  spaced  eight  processors 
apart  and  driven  in  phase  with  a  fre¬ 
quency  of  I,  The  weights  on  the 
elements  are  (1-7-21-36-3G-21-7-1)  in 
order  from  one  end  of  the  array  to  the 
other.  All  the  other  parameters  are 
the  same  as  the  last  simulations  ex¬ 
cept  the  time  mark  in  figure  (4)  is  at 
D  equal  to  200.  The  binomial  array 
has  the  property  of  having  no  minor 
lobes  in  the  continuum  case  as  shown 
in  Kraus  and  Carver  (1073) .  This  is 
also  a  case  in  the  simulation  to 
within  20dB  of  the  main  lobe  which  is 
a  good  verification  of  the  algorithm. 

The  last  simulation  shown  in 
figures  7[a,b]  is  a  simple  two  element 
interferometer.  The  simple  element 
will  be  built  from  two  dipoles  modeled 


in  the  first  simulation.  The  center 
of  the  two,  two-dipole  oleuent.s  are 
lOX  apart  where  all  the  elements  are 
on  a  line.  The  C.H,  is  configured  to 
a  processor  dimension  of  S12X512  and 
the  geometric  center  is  at  processor 
P(253,26S}.  The  first  dipole  pair  is 
at  processors  P(171,256)  and 
P(179,255).  The  other  pair  is  at 
processors  P(331,266)  and  P(339,256). 
All  the  elements  are  driven  in  phase. 
The  frequency  and  all  the  parameters 
are  the  same  as  in  figure  (5) .  If 
figure  7b  is  compared  to  the 
calculated  antenna  pattern  for  the  two 
element  interferometer  in  Kraus  and 
Carver  it  ia  seen  that  the  peaks  and 
nulls  in  the  pattern  are  identical  and 
the  calculated  and  simulation  patterns 
are  identical.  The  goometric  pattern 
of  cancellations  in  the  field 
intensity  obtained  is  a  strong 
verification  of  the  validity  of  this 
wave  propagation  simulation. 

We  have  demonstrated  with  these 
simulations  that  the  nine  point 
algorithm  accurately  represents 
physical  antenna  in  homogeneous  media. 
The  sidelobe  predictions  and  the 
antenna  gain  patterns  all  agree  with 
the  classical  theory.  In  addition, 
the  sti’ucture  in  the  near  field  is 
also  shown  where  classical  array 
theory  approximations  (treated  in  the 
limit  of  Fraunhofer  diffraction)  break 
down. 
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equal  to  400.  range  of  the  display  is  20dB. 


Up  to  this  point  all  tlio  attention 
has  been  on  the  accuracy  of  the  simu¬ 
lations  and  how  well  they  represent 
the  physical  system.  Not  mentioned  up 
to  this  point  is  the  computational 
advantage  and  speed  gained  doing  these 
simulations  on  a  massively  parallel 
architecture  like  the  Connection 
Uachine.  One  observation  illustrating 
this  advantage  is  the  operation  count 
required  to  do  one  time  step  of  the 
simulation.  Presently  the  (non-opti- 
miaed)  code  requires  14  parallel  oper- 
Htions  to  advance  the  simulation  one 
tj.me  step.  For  a  bl2K&12  grid  this 
would  require  -  3.7  million  operations 
on  a  serial  machine.  The  execution 
time  for  the  simulation  program  is 
effectively  independent  of  the  distri¬ 
bution  of  sources  and  (as  demonstrated 
in  the  next  suction)  of  the  properties 
of  the  surrounding  medium. 

111.3  -  Phased  Arrays  in 
lohomogenuous  Media 

All  of  thr  work  up  to  this  point 
has  been  to  develop  a  simulation  tool 
that  would  allow  complex  autenna  simu¬ 
lations  in  an  iuhomogeneous  media,  la 
phis  section  the  simulatlous  bare 
conducting  cylinders,  dielectric  cyl- 
iuders,  and  conducting  planes  sepa¬ 
rately  and  in  combination.  The  absor¬ 
bing  boundary  condition  is  applied  in 
all  the  simulations  ard  as  in  the  last 
section  the  crossover  point  is  always 
ten  processors  from  the  boundary.  All 
the  simulations  wiH  use  an  eight 
element  array  with  ^  spacing  and  a 
frequency  (11)  of  j.  I’he  grid 
dimensions  for  all  the  almulations  are 
512X1>12  and  the  array  is  centered  at 
processor  P (255, 256). 


Figure  (8)  shows  the  array  with 
all  the  elements  driven  in  phase  and  a 
conducting  cylinder  in  the  beam  128 
processors  from  the  source  with  a 
radius  of  16  processors.  The 
simulation  shows  the  reflections  off 
the  cylinder  and  the  diffraction  of 
the  wave  around  the  object.  The 
interference  pattern  set  up  by  the 
object  distorts  the  beam  in  the 
neighborhood  of  the  reflector.  The 
r 'xt  simulation,  shown  in  figure  S, 
has  a  dielectric  cylinder  in  the  beam 
which  is  steered  at  45  degrees.  The 
elements  are  all  driven  ^  out  of  phase 
with  each  other  fur  this  beam  steer. 
The  center  of  the  object  is  not 
directly  in  the  beam  to  illustrate 
Snell’s  law  as  the  beam  is  hunt  as  it 
propagates  across  the  dielectric 
boundary.  The  dielectric  constant  (c) 
is  set  to  10  and  is  compensated  using 
the  program  by  the  dispersion  relation 
to  gut  the  continuum  wave  number.  The 
continuum  wave  number  is  3.16D.  As 
the  beam  passes  tli  rough  the 
dielectric,  the  wave  is  focused  due  to 
the  shape  of  the  object.  In  figure  0 
the  field  intensity  is  very  high  on 
the  far  side  of  the  cylinder.  Figures 
10[a,b]  show  ^be  simulation  of  a 
backed  array.  ^  behind  the  array  is  a 
ground  plana  whars  the  field  is  forced 
to  saro.  The  ground  plane  is  a 
wavelength  longer  than  the  array  on 
each  end.  By  placing  the  reflector  n 
behind  the  array  the  reflection  will 
constructively,  iuterfera  with  the 
signal  propagating  away  from  the 
reflector.  All  the  elements  are 
driven  in  phase  in  this  simulation  so 
that  the  bsam  will  be  oriented 
broadside  to  the  array. 
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The  last  siaulatiou  ehowu  iu  fig¬ 
ure  11 [a, b]  ie  a  coBbination  of  all 
three  features  of  these  siaulations. 
The  auteuaa  is  a  backed  array  with  a 
reflecting  cylinder  and  a  dielectric 
cylinder  in  the  beaa  eith  a  46  degree 
beam  steer.  This  siaulation  was  per¬ 
formed  to  teat  the  algox'itha  in  a 
complicated  medium  in  which  both  ref¬ 
lectors  and  dielectrics  are  present. 
This  simulation  represents  a  problea 
which  is  analytically  intractable  yet, 
it  takes  the  same  coaputatiunal  re¬ 
sources  as  t’le  single  alaaent  and  is 
rigorous  iu  the  calculation  of  the 
field. 


The  objectives  of  this  paper  ware 
to  develop  stable  numerical  solutions 
of  tbs  hyperbolic  wave  ei^uatloa  with 
radiating  sources  which  take  advantage 
of  the  Targe  scale  parallelism  of  the 
Connection  Uachiue.  These  solutious 
must  depend  only  on  a  local  physical 
coordinate  patch  to  take  advantage  of 
one  of  the  natural  uodes  of  inter- 
processor  communication  in  the 
''Connection  Uachiue,  and  more 
rmpurtantly  to  accurately  represent 
the  continuum  wave  equation  which  is 
local  and  treats  all  spatial  locations 
equivalently.  Also  the  algorithm  must 
be  insensitive  to  the  simulation 
geometry  and  require  minimal 
asBumptiana  on  the  nature  of  the 
sources.  A  free  space  boundary 
solution  was  also  required  due  to  the 
physical  meaary  bounds  of  the 
Connection  Uaebine.  This  free  space 
boundary  condition  permits  us  to 
simulate  free  space  radiation  problems 
iu  machines  of  finite  sise. 


Ve  have  demonstrated  the  spatial 
isotropy,  stability,  and  energy 
c. innervation  of  the  solution.  It  was 
shown  that  the  nine  point  algorithm 
propoaad  by  Vichuavetsky  and  Bowles 
conserves  snergy  always  in  the  time 
average  eense,  and  for  some  choices  of 
parameters  energy  is  conserved 
instantaneously.  Waves  propagate 
isotropically  by  this  algorithm  for 
and  for  despite  the 

underlying  rectangular  computational 
meah.  The  implementation  of  this 
algorithm  on  the  Oouuectlon  Uachine, 
along  with  the  free  space  boundary 
termination  developed  from  the 
advectiott  aquation,  was  shown  to  be  a 
powerful  and  accurate  computational 
tool  for  eimulating  wave  propagation 
from  a  radiating  element  for  very 
complicated  geometries  which  could  not 
be  solved  analytically. 

We  have  also  dumoustrateii  that 
iiihomogeooous  media,  l.e.  varying 
'dielectric  constant' ,  and  arbitrary 
distributiouu  of  reflectors  may  bo 
accommodated  in  those  wave  propagation 
simulations.  In  particular  the 
constitutive  properties  of  the  msdiuu 
may  be  specified  independently  at  each 
point  of  the  simulation  space  (each 
virtual  processor)  without  signifi¬ 
cantly  increasing  the  run  tine  of  the 
siaulation.  This  development  is  of 
great  importance  iu  view  of  the 
difficulty  of  obtaining  exact, 
analytic  solutions  of  wave  propagation 
in  Inhomogeneous  media  and  the  limited 
ranges  of  validity  of  various 
approximation  schemes  (e.g.  Born, 
WKBJ,  Rayleigh  approximation,  etc.). 

In  closing,  future  research  will 
be  directed  towai'de  the  four 
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dinenaioa>l  [(3+1)0]  problen  aad  thea 
to  tha  vactor  Wkva  aquation,  IncludinK 
taneor  dlaiactric  fuactiooa.  Wa  hava 
davaloped  tha  tools  and  hava  proven 
tha  algorithoi  so  that  the  transition 
to  tha  naxt  step  should  not  of  far  any 
insuparabla  conceptual  problens. 
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ABSJFIACT 

It  Is  shown  that  the  components  of  the  electromagnetic  field  amolltudes  in  a  perfectly 
conducting  cavity  with  a  complex  shape  are  distributed  according  to  a  normal  (Gaussian] 
distribution.  The  proof  Is  obtained  by  Invoking  a  virtual-cavity  model  which  is  used  for 
expanding  the  field  quantities  in  a  complete  sot  of  orthogonal  eigenvectors  whose 
amplitudes  are  shown  to  have  a  normal  distribution.  This  result  Is  independent  of  the 
eigenvalue  (mode  number)  and  the  shape  of  the  cavity,  requiring  only  that  the  shape  of  the 
cavity  be  complex.  The  proof  that  the  components  of  the  field  amplitudes  have  a  normal 
distribution  follows  Immediately.  Extensions  of  tlie  theory  to  cavities  with  losses  aitd 
sources  is  straightforward. 

INTRODUCTION 

For  many  years  there  has  been  considerable  Interest  In  the  statistical  properties  of 
electromagnetic  fields.  This  Interest  has  been  fostered  not  only  by  an  inability  of 
accurately  predicting  electromagnetic  responses  in  complex  environments,  but  also  by  the 
difficulty  of  Interpreting  and  extracting  usable  Information  from  experimental  data.  To  date 
almost  all  attempts  to  characterize  electromagnetic  interactions  statistically  have  been 
made  using  experimental  data.  Tire  success  of  these  efforts  has  bean  mixed.  Without  any 
a  priori  knowledge  of  distribution  functions,  analysts  are  forced  to  assume  functional  foims 
tor  the  distributions  using  a  limited  number  of  data  samples.  Some  of  these  assumed 
distributions  seem  to  work  well  for  certain  types  of  problems  but  not  for  all,  l.e.,  as  they 
Invariably  have  a  limited  range  of  validity. 

If  statistical  techniques  are  to  be  useful  for  characterizing  electromagnetic  Interactions, 
then  one  should  be  able  to  establish  their  range  of  validity  using  Maxwell's  equations 
directly.  If  this  Is  not  possible,  then  statistical  techniques  will  not  have  an  important  place 
In  electromagnetics  because  the  statistics  of  each  problem  would  require  Independent 
determination.  The  number  of  samplen  requited  to  do  this  Is  prohibitive  from  a 
measurement  point  of  view. 

To  begin  a  discussion  concerning  the  statistical  nature  of  electromagnetic  fields.  It  Is 
appropriate  to  quote  from  Boran  and  Parrent  [1]: 

"it  should  be  made  clear  Immediately  that  discussions  of  coherence  or 
Incoherence  or  partial  coherence  (statistics)  need  never  enter  a  treatise  on 
Classical  eiacirOiriagnetlc  theory.  In  the  classical  clsctrcmsgnetlc  theory 
governed  by  Maxwell's  equations,  one  assumes  that  the  electric  field  and 
magnetic  field  are  measurable  functions  of  position  and  time.  In  principle, 
one  can,  if  one  chooses,  follow  In  detail  the  Instantaneous  variations  of  the 
electric  or  magnetic  field,  no  matter  how  Intricate  the  boundary  conditions. 
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In  many  cases,  however,  the  procedure  Is  extremely  difficult  and  may,  in 
fact,  mask  important  physical  effects  ,  .  ,  The  situation  is  analogous  to  the 
one  arising  in  classical  statistical  mechanics.  Although  In  principle  it  Is 
possible  to  follow  in  detail  the  dynamics  of  the  system,  it  often  proves  much 
more  useful  to  provide  a  statistical  description." 

It  is  clear  that  statistical  electromagnetics  can  he  nothing  more  than  a  theory  which 
describes  the  behavior  of  the  average  values  of  appropriate  functions  of  the 
electromagnetic  field.  These  functions  must  In  some  sense  be  measurable  and  for 
example  could  include  all  powers  of  the  three  components  of  both  the  electric  and 
magnet'c  field;  all  powers  of  the  electromagnetic  field  power  density;  or  all  the  powers  of 
the  differences  of  the  above  functions  when  they  are  measured  at  different  locations  or 
different  times  (spatial  and  temporal  correlation  functions). 

The  explicit  purpose  for  constructing  these  average  values  Is  to  provide  the  capability  for 
extracting  useful  and  usable  Information  from  measured  data  for  thosa  cases  where  the 
intricate  and  complex  nature  of  the  measured  fields  masks  this  Information.  An  additional 
cor  isideratlon  Includes  those  cases  where  small  variations  In  the  system  topology  or  small 
changes  In  the  excitatlori  produce  large  changes  In  the  response  at  specific  locations 
within  the  system,  or  whon  small  changes  In  the  measurement  location  produce  similarly 
large  changes  In  the  response.  From  a  purely  deterministic  point  of  view,  these  situations 
give  rise  to  a  problem  set  wiilch  Is  currently  not  resolvable. 

If  Information  is  to  be  extracted  from  the  aveiago  values  of  the  appropriate  functions  of  the 
electromagnetic  fields.  It  Is  immediately  obvious  that  the  amount  of  such  Information  will  In 
some  sense  be  a  strong  function  of  the  number  of  fhe  average  values  that  are  determined. 
This  fact  will  certainly  limit  the  utility  of  an  average-value  theory  since  there  Is  In  principle 
an  Infinite  number  of  average  values;  foi  example,  all  powers  of  ttie  x-component  of  the 
electric  filed.  This  limitation  can  be  eliminated  If  It  can  be  shown,  a  priori  from  the  physics 
of  the  problem,  that  the  average  values  of  some  of  these  functions  are  related  to  each 
other  through  well-defined  relationships.  This,  of  course.  Is  found  to  bo  true  In  elementary 
statistical  mechanics.  We  can  Imagine  the  state  of  statistical  mechanics  If  the  velocity 
distribution  of  molecules  In  a  box  was  not  Maxwellian  and  was  Instead  a  function  of  the 
shape  ot  the  box.  Determining  the  relationships  between  different  average  values  Is  an 
Important  step  in  any  physics-basod  statistical  theory.  If  these  relationships  exist  and 
exhibit  certain  properties,  then  probability  densities  or  distributions  can  be  assigned  to  the 
field  variables  and  the  transition  from  an  "average-value  theory"  to  a  "statistical  theory"  Is 
complete. 

For  electromagnetics,  no  such  average-value  relationships  had  been  demonstrated  to 
exist.  The  deriv.rtion  ot  these  relationships  and  their  range  of  validity  are  the  subject  of  this 
paper.  Our  approach  utilizes  a  conceptual,  moment-method  type  model,  from  which  the 
statistical  properties  of  Interest  are  derived,  but  without  ever  explicitly  setting  up  or  solving 
the  moment-method  model  itself. 

MATHEMATICAL  PRELIMINARIES 

WMoiuot  a  Caviiy  Win  i  vuiumD  V  Wiiiuil  la  aviuiv^u  iiw  «aiiw  la  Ovwmvjww  w/ 

conducting  surface  S  of  arbitrary  shape.  It  Is  well  known  [Schiff  (2)],  that  the  electric  field 
Eff.t)  and  the  vector  potential  A(t.t)  In  the  volume  V,  upon  separating  ths  space  and  time 
variations,  can  be  expanded  in  a  complete  set  of  real  vector  functions  Uk(t)  of 
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(1) 


Ea.t)-  Ji4(c)Pk«. 

k^oo 

k**fa3 

^Uk(t)qk{t) 


The  cartesian  components  of  the  vector  functions  must  satisfy  the  second-order  wave 
equation 

(3) 

w'nere  s  denotes  the  cartesian  coordinate,  x,y,z.  The  vector  function  must  aisn  satisfy 
V'Uk(r)-0  (4) 

since  there  are  no  sources  present.  Aiso,  the  tangential  components  of  the  electric  field 
and  the  vector  potential  must  vanish  on  the  surface  S,  so  that 

nxUkWIj.s-O  (5) 

where  n  is  a  unit  vector  normal  to  the  surface.  Using  Eqs.  (3-5)  and  with  the  help  of 
Green's  theorem  It  can  be  shown  that  the  ui<  and  uk'  are  orthogonal  to  each  other  or 

J^Uk  Uk-dv  -  6k', k  (6) 

In  the  usual  convention,  k  Is  an  eigenvalue  and  Uk  ia  sn  eigenvector. 

Denoting  spatial  average  values  by  <  ■*,  then  the  average  value  of  any  function  W(£)  over 
the  volume  V  of  the  cavity  is  given  by 


J*  W(i;)dv 


<W>  -  \r^J^W([)dv  (8) 

For  the  problem  defined  in  this  section,  the  quantities  whose  average  values  are  of  Interest 
are  functions  of  the  electric  field.  These  functions  ate  the  three  electric  field  components 
Ex.  Ey,  Ej.  and  all  of  their  higtter-order  powers.  These  average  values  are  defined  by 

<eJ'>  -  V'’J^E^(i;)dv;s  -  x,y,z  and  m- 0,1.2,,..  (9) 

In  order  to  evaluate  the  averages  defined  in  Eq.  (9),  it  Is  obvious  from  Eq.  (1)  that  it  will  be 
necassaiy  to  evaluate  the  average  values  of  all  the  powers  (uk  of  the  components  of 
the  eigenvector,  or 

<(Uk,s)'">-V-'J^(Uk,,)"’dv  110) 

for  all  k  and  for  all  m.  This  Is  a  monumental  (essentially  Impossible)  task,  unless  tlie 
integrals  given  by  Eq.  (10)  are  straightforward  and  can  be  shown  to  be  simply  related  for 
various  values  of  m.  In  the  next  sections,  we  outline  an  approach  that  shows  this  Is  Indeed 
the  case  for  complex  cavities  and  in  fact.  It  Is  shown  that  the  Integrals  are  Independent  of  k 
and  that  they  are  just  the  momerrts  of  a  normal  probability  density. 


tnWfWqyiiiraKiau^ViwiiacsiaifiiJi^iciiiiaqteiqjn^Hwsici 


It  is  well  known  that  exact  solutions  of  the  vector  Helmholtz  Eq.  (3)  are  only  possible  for  a 
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very  tew  canonically-shaped  cavities.  Thus,  for  cavities  of  arbitrary  shape,  no  attempt  is 
made  to  find  exact  solutions.  Instead,  we  seek  approximate  expressions  for  the 
eigenvectors.  These  approximate  expressions  are  developed  by  expanding  the 
eigenvectors  in  a  set  of  entire-domain  basis  functions  (EDBF).  Although  the  choice  of  the 
EDBF  is  somewhat  arbitrary,  we  choose  basis  functions  that  satisfy  Eqs.  (3)  and  (4),  and 
select  the  expr  sion  coefficients  so  that  Eq,  (5)  is  also  satisfied. 

Before  outlining  our  approach  for  choosing  the  EDBF,  we  make  the  following  observation. 
For  cavities  having  canonical  shapes,  the  cavity  surfaces  are  defined  by  relationships  of 
the  form  =  Cq  {a  =  1 ,2,3)  where  is  a  generalized  coordinate  and  is  a  constant. 

For  cavities  of  arbitrary  shape,  it  will  not  be  possible  to  define  a  surface  by  setting  one  or 
more  of  the  generalized  coordinates  equal  to  a  constant.  Instead,  we  know  that  the 
eigenvector  solutions  must  in  some  sense  be  a  function  of  all  of  the  dimensions  of  the 
cavity,  I.e.,  the  s  'paratlon  of  variables  that  works  for  canonical  geometries  no  longer  holds. 
Our  choice  of  basis  functions  must  reflect  this  dependency. 


We  develop  the  EDBF  by  construction.  To  do  this,  we  Implement  the  follovjing  steps: 

1 )  We  specify  a  cartesian  coordinate  system  for  the  apace  occupied  by 
the  volume  V. 

2)  We  assume  that  the  eigenvalue  k  of  a  specific  eigenvector  uv(rt  is 
known, 

3)  We  discretize  the  volume  V  into  a  large  number  N  of  cubes  each 
having  a  volume  AV  =  AxAyAz  =  (ax)3  such  that  kAx  «  1  and  V  =  NAV. 

4)  We  project  the  six  surface  elements  AS  =  {Ax)2  of  each  cube  onto  the 
walls  of  the  cavity. 

5)  From  the  surface  projections  for  each  cube,  we  construct  a 
rectangular  cavity  formed  by  the  intersections  of  the  six  orthogonal  planes 
containing  each  of  the  AS,  The  n'th  rectangular  cavity  constructed  from  the 
n'th  cube  has  dimensions  Xp,  Yn,  ^  and  the  location  of  one  of  its  corners 
with  respect  to  the  origin  0  of  the  coordinate  system  defined  in  step  1  is 
given  by  1^.  We  refer  to  these  rectangular  cavities  as  “virtual"  cavities. 

6)  For  each  virtual  cavity,  we  choose  the  set  of  three  integers  (l.m.p) 
which  yields  the  best  approximation  to  the  expression 


-  k^. 


2 

m  p 


(11) 


7)  We  write  the  eigenvector  L!|<0.;n)  for  the  n'tn  virtual  cavity  assuming 
that  each  virtual  cavity  has  perfectly  conducting  walls  and  that  the 
components  of  the  eigenvalues  (i.e.,  the  virtual  cavity  eigenvalue)  are  given 
by  kx(n)  =  d/Xn,  kyfn)  =  nmA'p.  kz(n)  =  np/Zn- 

8)  We  choose  the  resulting  lJk(i;;n)  to  be  the  EDBF  and  write  the  solution 
for  the  eigenvector  iik([:)  as 

N 


UklO-  >Uklr;n). 


(12) 


In  the  next  section,  we  implemeni  the  above  steps  and  show  that  an  eigenvector  can  be 
written  as  a  sum  over  a  large  number  of  standing  waves.  The  wavevecior  Kp  associated 
with  the  n'th  standing  wave  is  a  function  of  Xp,  Yp,  Zp,  i.e.,  the  dimensions  of  the  n'th  virtual 
cavity,  Thus,  the  eigenvector  given  by  Eq.  (12)  not  only  satisfies  the  second-order  wave 
equation  (3),  the  constraint  aquation  (4)  and  the  boundary  condition  (5),  but  it  is  also  a 
function  of  all  of  the  dimensions  that  define  the  surface  that  bounds  the  volume  V  of  space 
occupied  by  the  cavity. 
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BEPRl.oENT1NG  the  eigenvector  solutions 

We  now  proceed  to  develop  the  expressions  for  the  eigenvector  solutions  using  the 
approach  as  outlined  in  the  previous  section.  We  begin  by  defining  a  coordinate  system 
having  O  as  its  origin  and  having  an  arbitrary  orientation. 

The  eigenvalues  k  (i.e.,  the  resonance  frequencies)  as  we"  as  the  eigenvectors  for  an 
arbitrarily  shaped  cavity  can  be  determined  by  using  numerical  techniques  such  as 
finite-element  (FEM)  or  finite-difference  (FDM)  methods.  A  Hamiltonian  approach,  being 
based  on  energy  relationships,  would  be  a  logical  starting  point  for  using  FEM  while  a 
wave-equation  formulation  would  be  a  natural  starting  point  for  using  FDM.  Either 
numerical  solution  method  eventually  would  lead  to  matrix  equations  of  the  form 
^xx'-'x  +  Ayx^x  +  ^zx'Jx  ^ 

^Xy^y  +  AyyUy  -r  A^yUy  +  k2uy  =  0  (13) 

Ax^u^  +  ^yz^z  Ay^u?  +  k^u^  =  0 

where  the  A's  are  NxN  matrices,  the  u‘s  are  Nxl  vectors,  and  because  of  reciprocity,  ^  = 
Ayj^,  etc. 


The  eigenvalues  k  are  solutions  of 

det|A)(^  +  Ayy  +  A^v  +  k^l  =  0, 

Qr  det{Aj(y  +  ^yy  +  A2y  +  k^[  =  0,  (14) 

or  detjA^  +  Ay^  +  Ayy  -f-  k^|  =  0. 

Similarly,  the  eigenvector.s  are  solutions  of  Eq.  (13)  for  specific  values  of  k  consistent  with 
ttie  constraint  V-uk  =  0.  In  this  formulation,  we  are  not  interested  in  the  exact,  or  for  tfiat 
matter  explicit,  values  of  k  and  It  suffices  to  know  that  they  exis*  and,  in  principle,  they 
could  be  determined,  i.e.,  they  are  deterministic  quantities.  At  ‘  point,  we  assume  that 
all  of  the  k's  are  known  although  we  do  not  care  what  their  values  are. 

Proceeding  with  the  prescription  for  determining  the  EDBF,  we  partition  the  volume  V  of 
the  cavity  into  N  cubes  with  each  having  a  volume  AV  =  (Ax)3  such  that  V  =  NAV  and  kAx  « 
1 .  Next,  we  construct  the  N  virtual  cavities  resulting  from  the  intersections  of  the  six  planes 
defined  by  projecting  each  surface  element  AS  of  a  cube  onto  the  surface  of  the  cavity. 
The  parameters  that  define  the  nth  virtual  cavity  are  tlie  position  vector  £n  of  one  of  the 
corners  of  the  n'th  virtual  cavity  with  respect  to  the  origin  0  of  the  coordinates  of  the  cavity 
and  the  dimensions  Xp.  Yn,  Zn  of  the  virtual  cavity.  These  parameters  are  deterministic 
althougli  they  are  nov  unique  since  the  orientation  of  the  coordinate  system  is  arbitrary. 
Note  that  the  set  of  parameters  that  define  the  N  virtual  cavities  define  all  of  the  dimensions 
of  the  cavity. 

The  next  step  in  developing  the  EDBF  is  selecting  the  set  of  three  integers  l,m,p  in  Eq.  (11) 
such  that  the  bast  approximation  is  achieved.  We  proceed  by  assuming  that  the  walls  of 
each  virtual  cavity  are  parfectiy  conducting  although,  in  fact,  they  are  conducting  only  at 
the  location  of  each  ASn.  Consistent  with  the  above  assumption,  then  the  eigenvector 
Un(r;n)  for  the  n'th  virtual  cavity  can  be  written  as 

Un(i;n)  =  OxUxnCOS[nx(x  -  Xn)]sin[ny(y  -  yn)lsin[az(z  -  Zf,)] 

■(-  OyUynSin[nx(x  -  Xn)]cos[ny(y  -  yn)]sintaz(z  -  Zp)] 
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+  ezUynSin[Qx(x  -  Xn)]sin[Qy(y  -  yn)]cos[nz{z  -  Zp)] 

(15) 

where  =  "'Wn.  ^^y  =  "m'/Yp,  Qz  =  xp'/Zp,  q2  ^  ^2[(|'/Xr,)2  +  (m'/Yp)2  +  (p'/Zp)2]  and  I', 
m',  p'  are  integers  of  which  at  least  two  must  be  different  from  zero.  The  amplitudes  of  the 
eigenvector  components  are  not  independent,  but  are  related  by  the  divergence  condition 
Eq.  (4)  which  yields 

*-lxn^X  +  Uypfly  +  UzpQz  =  0  (’' 

If  we  consider  2  to  be  a  vector  with  components  Oy,  Eq.  (16)  is  the  condition  that 
iin  =  (*-*xn''-lyn''-*2n)  's  perpendicular  to  2-  There  are.  in  general  two  linear  independent 
vectors  that  satisfy  this  condition,  corresponding  to  two  possible  polarizations.  These 
vectors  may  be  chosen  arbitrarily  as  long  as  they  are  not  copianar.  Therefore,  there  is 
another  solution  for  the  eigenvector  which  we  denote  by  W2(i:;n).  It  is  identical  in  form  to 
Eq.  (15)  with  the  Uxp,  Uyp,  Uzp  replaced  by  Wxn.  Wyn,  W^p  such  that  2’Un  =  fi'Wn  - 
Un'Wn  =  0,  i.e.  they  form  an  orthogonal  set  of  vectors. 


Now  according  to  the  prescription  for  constructing  the  EDBF  outlined  above,  we  set  I'  =  I, 
m'  =  m,  p'  =  p,  so  that  -  k2  and  define  Ukton)  and  Wkfcf^)  to  be  these  functions.  Thus, 
the  eigenvector  uj(([)  is  given  by 
N 


Uk(') 


{exU,„cos[kxri(x  -  x„)lsinikyn(y  -  yn)jsintk,n(z  -  z,,)] 


+  ayUynSinl}<xn(x  -  Xn)]oos[ky^y  -  yn)>in[kjn(z  -  z^)] 

+  ejUjnSin[k„(x  -x„)>in[ky„(y-yn)]oos[kj„(z  -Zn)]} 

(17) 

with  a  similar  expression  for  Wk(!!).  and  where  kxp  =  nl/Xp,  l^p  =  itm/Yp,  kzp  =  xp/Zp,  and 
k2  =  x2((|/Xn)2  +  (mA'p)2  +  (p/Zp)2].  We  note  that  the  three  integers  l,m,p  that  are  used  to 
define  kxp,  kyp,  k^p  for  the  n'th  EDBF  are  not  necessarily  the  same  set  of  three  integers 
r,m',p'  used  to  define  the  n-prime'th  EDBF.  Thus,  although 


and 


m 


kn-kn'-k" 


xl 


m- 

Y^. 

'  n' 


in  general.  I'  I,  m'  >*  m,  p'  «  p,  and  Xp- 


'  ^n'  ^n'  **  ^0'  2ti'  •*  Zp,  so  that  Isp'  >•  Ijp. 


After  further  manipulation,  the  eigenvectors  can  be  shown  to  have  the  form  [Lehman  and 
Miller  (3)] 

4N  4N 

Ukd)  -  ’9UnC0S[kn'(r  -tr,)]  and  JfldnO;)-  Y^KnCOSLlSn-lr  -  £n)] 
r>T  ifcf 

(18) 

where  Isp-Wp  =  kp-Up  =  ^-lip  ^  0  and  kp-kp  =  k2  as  before  but  in  addition  we  have 
Un'Un  =  Wn'Wn  =  ^  tor  all  n.  The  summation  Is  from  n  =  1  to  4N  because  each 
eigenvector  can  be  written  as  the  sum  of  eight  plane  waves  or  four  standing  waves,  as 
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shown  here. 


The  Innerproduct  Uk’Uk  needed  tor  evaluating  the  moments  of  the  field  components  can 
now  be  put  In  the  form 

<)N  4N 

iJk(r)'Uk(i')  -  V  y  Un'Un<»8[lSn'(i:-  lfl)cos[lt„-(C-  j;^)] 


n»i  rrwi 

4N  4N  4N 

^Un'JJn+  ^  2  Un'iim80S[(ltn-  Bm)'!*  liii'Im"  ISn'InJ 
i5l  Srinifrtn 

4N  4N 

"**  Um^8[Qin  *  BnO't  “  Bm'tm  “  Bn’tni  ] 

nJlirtn 


-HlW+HjW+Hgft) 


(19) 


where  the  identity  cosAcosB  =.  (1/2)[cos(A  -  B)  +  cos(A  +  B)]  has  bean  used, 


Integrating  the  first  term  over  the  volume  V  of  the  cavity  yields 

4N 

NV.,2 


-XH,(r)dv  -  ~]^UvU„dv  - 


(20) 

which  is  dependent  only  on  the  volume  of  the  cavity  and  independent  of  its 
Because  of  Eq.  (6),  we  also  conclude  that  ifl  -  2/NV. 


shape. 


On  the  other  hand,  the  values  of  the  Integral  over  both  and  H3  will  depend  on  the 
shape  of  the  cavity,  or 

l2-J^Ha(£)dv.l2(SHAPE),  (21) 

I3  -  J^H3(i)dv  -  l3(S  HAPE) .  (22) 

The  only  exceptiora  to  Eqs.  (21)  and  (22)  will  occur  when  the  surface  of  the  cavity  has 
been  generated  by  some  random  process,  for  example,  tr  random  walk.  For  this  case,  the 
phases  given  by  Bn'ln  aid  Bm'Irn  be  random  variabios  and  the  standing  waves  will 
add  Incoherently  so  that  both  I2  and  I3  vanish,  i.e.  la  - 13  -  0. 


In  general,  the  magnitude  of  both  (g  and  I3  will  be  etrong  functions  of  the  regularity  of  the 
shape  of  tfie  cavity  and  will  have  maximum  values  tor  cavities  with  regular  shapes.  For 
example,  for  a  right-circular  rectangular  cavity,  the  phases  will  be  highly  correlated  and  Ig 
and  I3  will  each  bo  on  the  order  of  I-).  For  ca\ritie8  having  very  Inegular  shapes,  for 
example  the  cockpit  of  an  aircraft,  the  phases  will  be  very  weakly  correlated  and  the  values 
of  both  I2  and  13  will  be  very  close  to  zero. 


With  this  in  mind,  a  complex  cavity  can  be  defined; 

"A  complex  cavity  Is  a  cavity  for  which  both  I2  « li  and  I3  « It  are  true." 

Of  course  there  is  no  a  priori  way  to  teat  a  cavity's  rxtmplexity.  Tine  only  way  to  proceed  Is 
to  assume  that  a  cavity  le  complex  based  on  experlanoe  with  other  cavities  and  then  use 
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experimental  data  to  justify  the  assumption.  Any  other  approach  must  addruss  the  details 
of  each  cavity  separately. 

Using  the  above  results  along  with  the  definition  of  a  complex  cavity,  It  Is  now  possible  to 
estimate  the  average  values  of  the  amplitudes  of  the  elganvactors,  the  results  of  which  are 
given  next. 


RESULTS  FROM  THE  AVERAGE-VALUE  EVALUATION 

Performing  the  required  Integrations  to  obtain  the  average  values  rlofined  by  <(u)<‘lik)'^>  * 


jy{Uk'Ul<)'’'^''  reasonably  straightforward,  but  mathematically  tedious.  Therefore,  we 

only  summarize  the  results  here,  the  derivation  of  which  is  described  In  more  detail 
elsewhere  [Lehman  and  Miller  (3)]. 


<(‘Jk,s)^(yk,5')'^>  =  <(iJk,s)'^><('Jk,s')'^>  for  s'  h  s; 
<(wk,s)'^(wk,s')'’^>'  »  <{wk,s)'^><(wk,s')'^>  for  s'  ^  s; 

“  0  for  all  e,  s',  n  and  m; 
<(uk,s)''>  -  <(WK,s)''> 

■  1  •3'5'7'  •  ■  (n  •1)0'^'  for  n  even, 

■  0  for  n  odd:  s  «  x,y,z; 

<(Uk-Uk)'’>  -  <tok-Wk)'^> 


and 


-1'3'57  ■••(2-1)(2n  h  1)o2n; 


0-VTX3V) 


(23) 


DERiVATlON  QF  THE  NORMAL  DISTRIBUT IQN 

From  elementary  probability  theory,  it  Is  well  -known  that  the  expectation  value  E{x}  of  the 
random  variable  x  Is  given  by 

U{x}  =/xfx(x)dx 

whare  f^lx)  Is  the  density  (function)  of  the  random  variable  x.  If  one  considers  another 
random  variable  y  which  Is  a  known  function  of  the  random  variable  x,  y  »  g(x),  then  the 
expectation  value  E-{y}  of  the  random  variable  y  Is  given  [Papoulls  (4)]  by  either 

EM  =■  /vfy(Y)dy  (24) 

or 

EM"  /fl(x)fx(x)dx  (25) 

where  fy(y)  Is  the  probability  density  of  y.  if  it  is  aasuniwc!  that  position  vector  r  Is  a  random 
variable,  then  Itc  probability  density  function  fr(£)  Is  given  by 
fr(l)  «  W,  if  c  t  V  and 
fr{£)  “  0.  otherwise. 

Since  the  eigenvector  Uk  $  is  a  function  of  j;,  its  expectation  value  E{uk  a>  Is  given  by  [using 
Eq.  (25)] 

E{uk,3}  =/uk,s(C)fr(l)dv 
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where  the  integral  extends  over  all  space.  Using  the  above  value  for  fr(rJi  fhe  expression 
for  simplifies  to 


EiiJk.s}  =  V-lJui<,s(L)dv  (26) 

which  is  the  same  as  tlie  average  value  of  ui(_s(£)  given  by  Eq.  (10).  Therefore,  if  the 
position  vector  t  is  considered  to  be  random  variable,  then  the  expectation  value  of  the 
amplitude  of  an  eigenveritor  is  identical  to  its  average  value  or 

E{u|<,s}  =  ^27) 

Similar  arguments  hold  for  all  the  higher  moments  of  so  that  in  general,  Eq.  (27) 

may  be  written  in  the  form 


E{(UK,8)'■)-<(Uk,o)^- 


1-3'5'7'  -(n-1X.i".for  neven  „  _ 

-"T  ■  "  Xiy,z 

0  foi  nodd 


(28) 

But  from  Papoulls  (4),  Eq.  (28)  is  the  expression  for  the  moments  of  a  norntal  density. 
Tharatore,  with  the  help  of  Eq.  (24),  the  probability  density  function  1u(ok,s) 
amplitude  of  any  eigenvector  u|^  a([)  can  be  written  as 

fus(u)  =  (3V/2jt)1/2exp[.(3V/2)(u)2].  (29) 

This  is  a  one-parameter'  density  function  depending  only  on  the  cavity  volume  V. 


From  Eq,  (1),  the  components  of  the  electric  field  are  seen  to  be  given  by  expansions  in 
terms  of  the  eigenvectors,  so  that  tlie  three  cartesian  components  of  the  electric  field  are 
also  normal.  Independent,  random  variables  with  zero  mean  and  variances  given  by 


3V 


r<" 


or 


fti.(t-;.) 


1 

— =r0Xp 


A 

'20^ 


(30) 


(31) 


Eq.  (31)  follows  from  the  fact  that  the  probability  density  of  a  random  variable  y  =  bx  with  b 
constant  is  given  by 

fy(y)  =  (1/|bl)fx(y/b) 

and  that  the  sum  of  any  nur'nber  of  normal  Independent  random  variables  la  also  normal 
with  a  mean  equal  to  the  sum  of  the  Individual  varlarrces.  Following  the  procedures 
outlined  in  this  paper,  it  Is  possible  to  show  that  the  distribution  of  the  magnetic  field 
components  inside  an  ideal  cavity  with  a  complex  shape  are  also  normal  with  zero  mean. 


SOMti.H[cEfi£SEfclTAriVE.  BESUi.IS  ^  ^  ^ 

Sorne  results  are  presented  In  Fig.  1  of  rt'.easurements  made  In  a  mode-stirred  chamber 
(sometimes  called  a  reverberation  chamber)  by  Kaman  Sciences  [Smith  (3)].  200 
measurements  wore  made  at  a  frequency  of  6  GHz  oi  the  power  coupled  to  e.  shielded 
cable,  each  one  corresponding  to  a  now  position  of  the  paddle,  or  mode  stiriar,  separated 
by  1,8  degrees  in  rotation.  The  measured  data  (the  squares)  aie  compared  with  the 
predicted  probability  density,  shown  as  a  solid  lino.  The  latter  Is  based  on  the  theory 
presented  above,  recognizing  the  fact  that  since  there  are  two  independent  polarizations 
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for  the  electric  field,  the  power  then  has  a  chi-squared  distribution  with  two  degrees  of 
freedom.  This  is  just  an  exponential  distribution  so  that  the  probability  density  function  for 
the  power,  fp(p),  Is  given  by 

fp{p)  -  (1/Mp)exp(-p/Mp)  (32) 

where  Mp  Is  the  average  power.  By  matching  the  average  of  the  theoretical  and  measured 
density  distributions,  and  using  the  transformation  of  random  variables  y  =  lOlog(x)  to 
employ  a  dB  scale  for  the  power,  wo  obtain  the  results  shown.  The  corresponding 
cumulative  distributions  are  shown  in  Fig.  2.  where  even  better  agreement  can  be 
observed. 


Figure  1 ,  A  comparison  of  the  probability  density  for  the  power  coupled  to  a  shielded 
cable  In  a  mode-stirred  chamber  measured  by  Kaman  Sciences  (1 990)  compared  with  ttio 
theory  presented  here. 


Figure  2.  Cumulative  distribution  functions  for  results  shown  In  Figure  1 . 

AEEUCAIIONS 

The  potential  applications  of  statistical  EM  ere  varied  and  diverse.  The  most  Immediate 
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application  would  be  to  reverberation  chamber  testing,  which  motivated  the  development 
presented  here.  Also  a  potential  application  Is  the  ctiaracterizatlon  of  far  radiation  and 
scattered  fields.  Both  are  discussed  briefly  below. 


The  most  Immediate  utilization  of  the  theory  Is  to  all  aspects  of 
reverberation-chamber  testing,  tor  which  several  benefits  could  be  realized.  Soma  areas 
of  application  could  Include;  1)  ctiamber  design,  2)  data  Interpretation,  3)  data  storage,  4) 
characterizing  the  response  of  Equipment  Under  Test  (EUT),  and  5)  test  design.  In 
addition,  a  rigorous  theoretical  description  of  a  of  reverberation  chamber's  EM  response 
would  certainly  give  such  measurements  a  firmer  analytical  basis. 

I'he  capability  to  predict  the  field  distributions  Inside  a  reverberation  chamber  would 
naturally  lead  to  the  optimum  design  for  a  given  application.  In  particular,  questions 
regarding  source  locations,  chamber  Q,  source  polarization,  chamber  dimensions,  and 
numbers  of  sources  needed  can  bo  addressed  In  the  design  phase. 

Having  access  to  the  statistical  properties  of  the  EM  fields  would  greatly  simplify  the 
Interpietatiun  of  the  measured  data  obtained  from  reverberation  chamber  tests.  Rather 
than  trying  to  force  the  interpretation  of  the  data  Into  determlnistio  descriptions,  developing 
probabilistic  statements  about  their  nature  would  be  easier  and  much  niore  meaningful. 
For  example,  quantifying  the  probability  that  the  Held  level  In  the  teat  volume  can  exceed  a 
cehaln  level  Is  then  possible. 

Since  most  of  the  distributions  encountered  in  reverbei  atlon  chamber  tests  will  be 
functions  of  two  parameters,  the  number  of  pararneteiu  needed  to  describe  the  results  are 
four,  at  most.  These  are  the  expected  value  and  standard  deviation,  the  number  of  tuner 
positloris,  and  the  frequency. 

Using  statistical  techniques  to  characterize  EUT  responses  has  many  advantages.  If  the 
equipment  is  normally  located  In  a  complex  cavity,  for  example  an  aircraft  bay, 
reverberation  chamber  tests  are  a  better  simulation  of  the  actual  environment  than  are 
anocholc  chamber  tests.  For  this  case,  the  only  meaningful  question  Is  ‘given  the  average 
value  of  the  field  or  power  density  Inside  the  cavity,  what  Is  the  probability  that  the  EUT  will 
experience  a  failure?"  Using  the  statistical  Interpretation  of  data  obtained  from 
reverberation  chamber  tests,  this  question  can  be  answered.  This  would  not  be  possible 
using  deterministic  Interpretations  of  data  from  either  reverberation  or  anecholc  chamber 
tests. 

If  the  EUT  Is  an  entire  small  missile  for  example,  normally  located  In  free  space,  then  the 
advantages  of  using  statistical  tediniques  are  not  as  obvious.  However,  again  the  only 
meaningful  question  that  can  bo  asked  Is  a  probabilistic  one,  namely,  ‘given  a  peak 
electric  field  value,  what  Is  the  probability  that  the  EUT  will  B.''.perionce  a  failure?"  The 
source  of  the  uncertainty  associated  with  this  problem  Is  the  angle  of  Incidence  and 
polarization  of  the  incident  plane  wave  with  respect  to  the  orientation  of  the  EUT.  For 
many  EUTs,  the  solid  angle  of  Interest  will  be  4n  steradians;  for  others  It  will  be  much  less, 
particularly  whan  only  near  nose-on  angles  of  incidence  are  important.  For  this  problem,  It 
Is  now  feasible  to  adjust  the  reverberation  chamber  field  levels  to  account  fur  the  external 
gain  of  the  EUT.  This  procedure  Is  possible  because  tha  functional  foim  of  the 
reverberation  chamber  Helds  are  now  known,  and  the  external  response  of  the  EUT  can  bo 
calculated  for  both  plane  wave  and  chamber  fields.  Since  the  two  test  methods  can  be 
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made  equivalent,  the  reverberation  tests  are  preferred,  (or  obvious  reasons. 

The  statistical  description  of  reverberation  chambers  can  also  be  used  to  optimize  the  test 
procedures.  For  example,  the  data  quality  Is  proportional  to  the  number  of  tuner  positions. 
Using  statistical  techniques.  It  la  now  possible  to  quantify  the  data  quality  (confidence)  in 
terms  of  this  number.  As  a  result,  for  many  tests,  the  numboi  of  tuner  positions  could  be 
significantly  reduced,  with  a  corresponding  reduction  In  the  time  required  for  the 
measurement  and  In  the  amount  of  data  that  needs  to  be  collected  and  processed. 

In  summary,  a  statistical  description  of  electromagnetic  responses  In  complex  cavities  has 
many  advantages  over  deterministic  descriptions.  Not  only  does  it  provide  a  simple  yet 
rigorous  theory,  but  also  it  provides  results  in  a  form  that  Is  easily  related  to  system 
performance. 

Far-Fleld  Radlallon  pnd  Scattering 

The  statistics  of  far  fields  are  also  of  interest.  In  those  cases  where  the  radiation 
pattern  of  a  large  antenna  or  the  monostatic  or  bIstatIc  field  scatter  ad  from  a  large  body  Is 
needed,  the  numerical  or  experimental  determination  of  the  patterns  can  be  expensive. 
Thrs  is  especially  so  when  a  numerical  modal  is  solved  using  an  iterative  technique,  In 
which  case  the  solution  must  be  repeated  for  each  angle  of  Incidence.  The  possibility  of 
statistically  characterizing  the  far  field  from  a  llrtrlted  number  of  field  samples  using  the 
theory  prerrentod  here  could  substantially  reduce  the  cost  of  determining  needed 
parameters  such  as  the  expected  value  of  the  field,  its  variance,  the  most  probatrle  peak 
field,  etc. 

Because  the  current  modes  on  the  Interior  or  exterior  of  a  perfectly  conducting, 
zero-thickness  envelope  have  the  same  spatial  variations,  we  expect  that  the  analysis 
performed  above  for  cavity  fields  should  bo  applicable  to  the  statistics  of  far  radiated  and 
scattered  fields  as  well.  Assuming  this  to  be  the  case.  It  seems  reasonable  to  expect  that 
their  statistics  as  a  function  of  angle  should  be  described  by  the  same  distributions.  This 
possible  application  repr«>sents  an  area  of  future  research. 
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ABSTRACT 

Problems  involving  Iiori/ontul  and  vertical  electric  dipole  sources  in  u  strulilied  niediii 
cnvironmciit  with  voiying  electrical  conductivity  and  permitivity  is  studied.  A  curl-curl  H 
iisld  (ormulution  is  employed  which  imposes  the  correct  cuntinuity  on  the  lield  components. 
Thu  H  held  components  ar  c  calculated  using  Legendre  Polynomial  smoothing  without  global 
uvurugiug  which  gives  rise  to  the  correct  discoirtinuitics  in  the  H  held  vector  ut  muteiiirl 
boundaries. 

S|>eciUe  |irublums  are  exuniincd  which  locus  on  sources  located  in  sea  wutcr  with  driving 
t'rcqueucies  between  1  he.  and  100  he.  Solutions  tor  both  the  sea  water  and  air  modeled  us 
inliuito  half  spaces  uro  coinpured  with  u/ailuhle  reference  solutions.  ITie  elYects  ui  finite 
thickness  layers  of  ice  arc  considered.  In  addition,  tire  uuafignratiou  with  u  Unite  doptii  of 
sea  water  with  a  liulf  space  of  scu  bottom  is  also  explored.  Boundary  conditions  for  the 
tiuiication  of  iiilinite  doinuiiis  ore  ux|)lored.  Local  expansion  boundary  conditions  which 
manifest  in  liigh  order  dumpers  are  compared  with  infinite  elements. 

Results  of  the  analysis  uro  compared  with  available  analytic  solutions  and  ore  in  good 
agreement.  In  addition,  the  wuvu-guidc  chirractcrislics  due  to  media  di.scoutinuitics  and 
interface  propugutiun  are  correctly  predicted  by  the  onulyscs.  Having  established  the  validity 
and  accuracy  of  the  formulation,  extensions  and  dilliculties  nssociated  with  mote  eumpliculcd 
sources  mid  scattering  objects  in  the  donuiin  are  explored. 
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Finite  Element  Solutions  to  ihe  Mass-Tensor  Form  of  the  Glnzbury-I  jndau  Houatlons 

Kenneth  G.  Herd 

GE  Corporate  Re&eurch  and  Development,  P.O.  Box  8 
Schcnocudy.NY  12301 

George  Theodossiou 

Rensselaer  Polytechnic  Institute,  Department  of  Computer  Science 
Troy.  NY  12180-3590 

Ahnlrar:t 

The  spatial  variation  of  the  nugnetic  field  and  supereurrents  in  anisotropic,  type-Il 
superconductors  has  been  successfully  described  using  a  mass-tensor  form  of  the 
phenoinenologicul  Ginrburg-Londau  equaiionsi.  Qosed-form  solutions  to  these  equations 
have  been  previously  derived  in  a  limited  range  near  the  upper  critical  field  of  a 
superconductor  by  using  a  lineaiiaed  form^-^.  General  solutions  to  the  nonlinear 
anisotropic  problem  require  a  numerical  approach.  A  flriitc  clement  solution  to  the  mass- 
tensor  fonri  of  the  Glnzburg-Landau  equations  in  two  dimcnsiuiis  is  presented  herein.  The 
Galcrkin  weighted  residual  approach  is  used  to  iormulate  the  element  matrices,  llte 
periodicity  of  the  flux  lattice  in  type  II  superconductors  allows  the  solution  domain  to  be 
limited  to  a  single  supercunerkt  vortex  cell. 

Introduction 

The  discovery  of  superconductivity  in  layered  ceramic  maieritds,  such  as  Y-Ba-Cu-O,  has 
led  to  a  renewed  interest  in  the  phenomenology  of  superconductivity  in  anisotropic 
systems.  All  known  copper-oxide  superconductors  are  highly  anisotropic;  that  is,  their 
critical  current  density  and  critical  field  strength  vary  depending  upon  the  direction  of  the 
transport  cunent  or  the  applied  magnetic  field  with  respect  to  the  crystal  axes.  This 
cliaracterlstic  is  distinct  from  that  of  metallic  superconductors,  which  generally  behave 
isotropically. 

Strongly  anisotropic  superconductors  have  been  studied  previously.  The  influence  of  the 
anisotropy  on  the  superconducting  properties  has  been  successfully  described  by  the 
introduction  of  a  mass-tensor  into  the  well  known  Ginzburg-Landau  (G-L)  equations.  A 
general  solution  to  the  luiisotropic  01-  equations  produces  a  ccnnpletc  chaiacterizadon  of 
the  equilibrium  free  energy  density,  the  reversible  magnetization,  the  flux  lattice  structure. 
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and  llu;  lower  ei  ideal  field.  Numerical  results  can  be  directly  cciinpui'cd  with  cxjrcrimental 
data  on  the  magnctocaionc,  mngneti/ation,  and  critical  field  characteristics  of  anisotr  opic 
(and  isotropic)  superconductors. 

1'liis  paper  describes  a  finite  element  solution  to  the  mass-tensor  form  of  the  G-L  equations 
using  a  Galerkin  weighted  residual  approach.  Tire  liulcr-Lagrangc  equations  for  the  two- 
dimensional  solution  domain  arc  derived  from  the  themiodynaniic  Gibbs  free  energy 
functional.  Hie  spatial  variation  of  magnetic  field  and  supcieuneiits  arc  fully  described  by 
a  scalar  potential,  f,  and  a  vector  potential,  A.  A  transfomiation  is  intrcduccd  in  whieh  the 
vector  potential,  A.  wliich  has  components  and  Ay,  is  replaced  in  tenns  of  the  out-of¬ 
plane  magnetic  fieltl  component,  h^,  using  the  relation  li-VxA.  lire  numlicr  of  degtees- 
of-frecdom  at  any  jxiint  in  tl.e  solution  dontain  is  reduced  from  three  to  two. 


Type-Il  behavior  in  sujicrconduetors  is  characterised  by  the  penetration  of  discrete  flux 
quanta,  or  fiuxons,  into  the  bulk  supeteonduetur  in  tlie  presence  of  an  applied  iragnetlc 
field.  'I'hesc  fiuxons  are  sustained  by  the  circulation  of  supercurrent  vortices.  Mutual 
icpulsion  of  the  vortices  leads  to  an  equilibrium  condition  wherein  a  vortex  lattice  is 
formed.  I'lie  pei  iodicity  of  this  vortex  lattice  is  such  that  the  solution  domain  need  only 
eneomiiuss  a  single  voitux  cell,  with  the  uiipiopriute  |ieriodiu  boundary  conditions,  flie  A 
to  li]  trunsformution  pcmiits  the  projier  constraint  of  iliesc  boundary  conditions. 


Guvcniim,'  liquations 


In  1937,  l.andau'*  proposed  a  general  theory  of  second-order  thermodynamic  phase 
transitions  wliieh  was  based  on  tlic  assumption  that  there  exists  an  order  parameter  which 
goes  to  zero  at  the  transition  and  that  the  free  energy  may  be  expanded  in  powers  of  tliis 
order  parumeter.  In  1950,  G-L^  proposed  an  extension  to  Landau's  original  free  energy 
eximnsion  in  order  to  dcseiibe  a  suirerconducuir  in  the  presence  of  a  magnetic  field.  The 
isotropic  form  of  tlie  G-L  free  energy  equation  for  suiJcrconduciors  may  be  stated  as: 


V.  =  l.„  +  u(T)|  vl"  +  I  (-Ih  V  -  I ^  + 


bn 


(1) 


wliei  e  h's  is  the  free  energy  of  die  superconducting  sute,  I’n 's  the  free  energy  of  the  nonnal 
state,  >(/  is  a  psuedo-wavefunetion  for  a  particle  of  effeedve  charge  c*  and  mass  m*,  a  and 
[i  are  temperature  dependent  crrcfficiciits,  h  is  Planck's  constant,  g  is  the  speed  of  light, 
h^/8n  is  tile  magnetic  energy,  and  A  is  the  vector  potential  for  the  magnetic  field,  h. 
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The  free  energy  potential,  Ilj,  can  be  found  by  integrating  the  difference  between  the 
nonnal  and  superconducting  free  cncigies  over  the  volume  as; 

n.  =  J(F,-igdr  (2) 

To  find  the  tlicmiodynatnic  equilibrium  conditions,  G-L  tninimizod  fit  for  variations  of  the 
order  parameter  y  and  the  vector  potential  A.  For  FI,  to  be  a  mininiutn,  i.c.  511^^  for 
aibitraiy  nun/.cro  variations  5y  and  5A,  yields  tlie  two  well  known  G-L  equations; 


1 

2ni* 

V  X  h 
4)[ 


e*A13  .j 

-ill  V - y  +  ay  4-  (llyl  y  =  0 


c  J 

e*A 


c  ”  211^  -y Vy*)  -  —  y*vA 


(3) 


(4) 


in’c 


where  y*  implies  the  complex  conjugate  of  y.  A  basic  assumption  of  tlic  original  G-L 
theory  descubed  alxrve  is  iliat  die  underlying  nonnal  metal  F'cnni  surface  is  isotropic.  11iis 
assumption  was  removed  from  the  theory  in  1952  by  Ginzburgl,  who  introduced  a 
plicnumenoiogical  inuss-tensor  to  descibc  the  Fenni  surface  anisotropy; 


1',-  F„  =  ulyl^  -r  |lyl‘'  i  I  f"'*  ^  V I 


where  m^  (p.=  l,2,3)  arc  the  piinciplc  values  of  die  effective  inass-tensor  in  the  directions 
x^.  liqmition  (5)  reduces  to  the  isotropic  funn  (1)  if  each  of  die  inp  ore  equal.  In  the 
absence  of  a  field  and  in  equilibrium  below  the  cridcal  temperature,  it  can  be  seen  f  rom  (3) 
that; 


y  =  Vo  =  (-«/(J)'^^  (6) 

For  the  anisotropic  formulation  it  is  convenient  to  dermc  a  magnetic  penetration  depth, 
2.(T),  and  r  coherence  length,  ^(T).  as; 


and; 


where; 


J.(T)  = 


1/2 


^(T)  = 


-h‘ 


L  2ma. 


1/2 


in  -  (m|m2m3) 


1/3 


(7) 


(8) 


(9) 
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All  quaiuitics  in  (5)  may  be  expressed  in  a  dimensionless  form  using  a  normalization  in 
which  length  is  measured  in  units  of  X,  magnetic  field  in  units  of  V2  hc=^o/2tt^  (where  he 
is  the  thermodynamie  critical  field  and  (tto=Ac/e*),  the  vector  potential  in  units  of 
X.V2he=$o/2;ci„  and  the  energy  density  in  units  of  hc2/4]i=a^/p.  The  reduced  free  energy 
is  then  given  by: 


(10) 


where  f='i//v)/o,  and  k=X/^  is  known  as  tlie  effective  G-L  parameter.  It  is  possible  to  write  f 
in  tenns  of  a  magnitude  and  a  phase: 

f=foCxp(iY)  (11) 


and  to  define  the  gauge-invariant  quantity; 

A„  =  A  +  -  V  Y 

0  ^  I 


(12) 


where  Ao  is  usually  referred  to  as  the  superlluid  velocity.  Note  that  Aq  satisfies  the 
relation  VxAo=VxA=h.  Thus  (10)  becomes; 


The  Euler'Lagrangc  equations  may  be  derived  by  integrating  (13)  over  the  volume  of  the 
solution  domain  and  mi  Imizing  with  respect  to  the  unknowns  and  f  (where  the  'o' 
subscripts  will  be  dropped  hereafter),  yielding  the  mass-tensor  form  of  the  G-L  equations: 


and; 


+  A^fUf(l-f^) 


(14) 


-^Aj^f^--Vx(VxA)-x^=jn  (15) 

In  the  present  development,  we  will  restrict  the  supercuircnt  domain  to  (i.=l,2.  That  is,  the 
supcrcurrcnts  arc  limited  to  the  plane  defined  by  xi  and  X2  and  the  magnetic  field  has  only 
components  h3.  Invoking  Maxwell's  telation  VxA=h,  (15)  can  be  simplified  as  follows: 

^Aj,f2  =  (Vxh3)'x^  (16) 
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Using  MaxwcU’s  ir.laKiou  Vxh--J,  then  (16)  bccorties: 


't  . 


(17) 


Solving  for  A^: 


‘  \  m  j 


Substitute  (18)  into  ( 1 4): 


(18) 


(19) 


Jax^ 

Again  using  Maxwell's  relation  Vxh=j,  (15)  finally  becomes 

""vU'Ja«J  “"’f’  ^ 

This  is  the  first  of  the  two  modified  Euler-Lagrange  equations.  Next  we  eliminate  in 
terms  of  h3  in  (17)  by  taking  the  curl  of  both  sides; 


^[f^(VxAn)  +  2f(VfxA^)l  =  Vxj, 
Now  substitute  for  A^j  from  (18); 


(21) 


f^(VxA,)-(^)|(VfxV)=  :^(Vxj,)  (22) 


Invoking  the  relations  S(VxA(x)=VxA=h3,  and  (Vxh3)*xji=jn,  then: 

h3  =  y  [  y  (  V  f  X  (V  X  h3)  xn)  -  (V  X  (V  X  h3)-x^  )]  (23) 

n 

This  IS  the  second  of  the  two  modified  Euler-Lagrange  equations.  It  can  be  shown  that 
equations  (20)  and  (23)  simplify  to  the  isotropic  form,  eqttations  (3)  and  (4),  if  mi=m2. 

As  discus.'cd  previously,  the  periodicity  of  the  vortex  lattice  allows  the  solution  domain  to 
be  restricted  to  a  single  supercurrem  vortex  cell.  Vortex  cell  symmetry  further  allows  the 
solution  to  be  limited  to  a  quadrant  of  the  total  cell.  Figure  1  illustrates  the  solution  domain 
of  interest,  with  the  appropriate  boundary  conditions  for  the  two  unknowns,  f  and  hj. 
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Figure  1 :  Solution  domain  in  the  supercurrent  plane  with  bounuaiy  ccnditions, 
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Finite  Element  Fommlation 


Using  the  weighted  residual  approach,  the  Euler-Lagrangc  equations,  (20)  and  (23),  arc 
nrultiplied  by  a  weighting  function  and  then  integrated  over  the  solution  domain.  The 
strong  form  of  equation  (20)  is  then: 


-f^(l-f^)^dn=0  (24) 


where  v  is  tlic  weighting  function.  Applying  the  divergence  theorem  to  the  second-order 
derivative  terms  produces  the  weak  form  of  (24),  We  also  inUoducc  the  substitution  u=f2 
in  order  to  reduce  the  order  of  the  nonlinear  terms: 


where  the  n^  tenns  arc  the  direction  cosines  on  the  boundary  T.  Examining  tlic  boundary 
integral  term,  we  see  that  it  is  in  the  form  of  the  Neumann  boundary  condition  for  u,  i.c.  at 
the  vortex  cell  boundary: 


where  the  m/iriji  lemis  account  for  the  material  anisotropy.  The  boundary  integral  term  in 
(25)  is  identically  zero  on  the  portion  of  the  boundary  where  (26)  must  be  satisified.  On 
the  remainder  of  the  boundary,  the  weighting  function,  v,  is  identically  zero  in  order  to 
satisfy  the  Dirichlel  conditions.  The  strong  form  of  equation  (23)  can  be  written  as 
r  ''ows,  again  substituting  u=t2; 


As  before,  we  apply  the  divergence  theorem  to  the  second-order  derivative  terms  produces 
the  weak  form  of  (27): 
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Jr  "  [  (^II^]"*]  ‘^"0 

The  boundary  integral  lemu  In  (28)  are  in  the  form  of  the  Ncutuann  boundary  condition  for 
h3  at  tltc  vortex  cell  boundary; 

Tlie  finite  element  method  implies  a  subdivision  of  tiic  domain  into  elements  and  the 
approximation  of  the  unknowns  within  each  element  in  terms  clement  nodal  values.  The 
scalar  potential  u  and  the  magnetic  field  h^  may  be  approximated  using  a  set  of  interpolation 
functions  which  relate  the  nodal  point  values  to  the  distributions  within  each  element: 

u(x^)  =  N  a  (30) 

h3(x^^)=Mh  (31) 

where  u  and  h  are  the  vectors  of  the  clement  nodal  point  unknowns  and  N  and  M  are  the 
vectors  of  inteipolation,  or  shape  functions.  Using  the  Galerkin  weighted  residual 
approach,  the  weighting  function,  v,  is  of  the  same  fonn  ns  the  interpolation  function. 
Substituting  into  equations  (26)  and  (28)  yields,  for  each  element: 

Sjih  4  Sj2tt  “  0  (32a) 

Sji  b  4  S22  u  2=  0  (32b) 

wlierc: 


(32a) 

(32b) 

dn 

(35) 

(l-xr)]'”  oe 

242 


(37) 


^21  -  12 


3'hc  ovci  bar  tcrins  denote  the  primitive  variables  chosen  tor  this  set  of  nonlinear  equations, 
which  can  be  solved  using  u  Newton-Raphson  iteration.  A  non-synimetric  matrix  solver  is 
required. 

Equations  (32)  -  (38)  completely  define  the  problem  fonnulation.  llie  solution  of  these 
equations  fur  the  distribution  of  u  and  h3  produces  a  complete  characterization  of  the 
equilibrium  free  energy  density,  tlic  voilcx  core  entropy,  the  reversible  magnetization,  the 
flux  lattice  structure,  and  the  lower  critical  field. 

Suimiiaiv 

A  finite  element  solution  to  the  two-dimensional  anisotropic  I'oim  of  the  G-L  equations  has 
Ixten  developed.  'Ihc  weak  form  of  the  integral  equations  have  been  formulated  witli  the 
u|)piupiiate  boundary  temis.  A  transforniation  has  been  introduced  in  which  the  vector 
potential,  A,  has  been  rephiced  in  terms  of  the  out-of-plane  magtielie  field,  113,  thereby 
reducing  the  number  of  dcgrccs-of -freedom  at  any  point  in  the  solution  domain  tias  been 
reduced  from  tliicc  to  two,  Tliis  substitution  also  enables  the  proper  constraint  of  the 
vortex  ceil  boundary  conditions,  which  must  be  expressed  in  terms  of  113,  rttUicr  titan  A. 
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Characterization  of  Anechoic  Chambers  by  Finite 
Difference  Method 

Steffen  Haffa*,  Detlev  Holiinann**,  Wemer  Wicsbeck* 


Abstract 

A  three-dimensional  treatment  of  anechoic  chamber  prablenu  by  Uie  Tmitc  difference  rncthud  is 
presented.  Maxwell's  ctiuaiions  are  solved  in  the  frequency  domain  by  solution  of  a  boundary  value 
problem.  Tltc  presented  method  allows  to  compute  the  field  distribution  of  the  clccboinugnetic  field 
inside  u  chamber.  After  a  description  of  the  general  formulation,  including  the  discretizution, 
vcrificatiun.s  ore  given  for  the  two-dimensional  and  the  threc-dinienslonul  calculations.  Example 
structures  show  the  capabilities  of  the  method  and  demonstrate  the  upplicupubility  to  practical 
problems. 

liiiioduction 

Anechoic  chambers  arc  used  in  u  large  frequency  range.  At  GHz-frcqucncics  the  properties  of  the 
cliamlicr  can  be  predicted,  using  the  reflection  coefficient  of  the  absorbers.  At  lower  frequencies  die 
ciiumber  has  to  lx  treated  us  u  cavity  with  lossy  dielectrics  at  die  walls.  The  knowledge  of  the  field 
configuration  at  MHz-frcqucncics  allows  optimization  of  measurement  condition  for  EMC 
meu.su I  emciiis.  A  finite  difference  method  treatment  in  the  frequency  domain  is  presented  fur  the 
lossy  iliiec-dimensioual  structure.  The  computation  in  the  frequency  domain  gives  fine  frequency 
rusuluiiun  and  piovidcs  exact  study  of  resonances. 


1- ig.  I  luicchuic  cliUlibcr  and  cooidinsle detinition. 

There  tu-e  several  methods  for  solving  the  three-dimensional  problem  of  computing  the  field 
disuibution.  A  number  of  authors  work  on  field  theoretical  methods,  which  solve  the  problem  in  the 


**  Insiilul  i'Ur  HUchslfrcqucn/.tecliiiik  und Elckiixinik,  UnivcrsiUll Katlsnihc  Kaiser.'iir.I2.  V-1500  Kurlsruhe, 
Cienniiiiy 

*  Suuidard  liickirik  Lurenz  AG  Osicndstr.  3,  D-7330  Pforzheim, Germany 
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time  donuin  [1,2],  In  our  approach  wc  present  a  mote  generalized  version  of  a  procedure,  which 
has  been  incraduc^  by  [3]  for  eigenvalue  problems  and  by  [4,5]  to  model  chip  intereonncctions  and 
lossy  planar  shuctures  by  [6], 

The  stnicoue  (Fig.  1)  is  by  a  non-equidirtaiU  rectangular  grid.  Each  elementary  cell,  fonned 

by  this  grid,  can  consist  of  different  lossy  material.  Both,  diolecuic  and  conductor  losses  ore 
included.  The  non  equidistant  grid  allows  good  approximation  of  geometric  structures.  The  finite 
difference  method  is  applied  to  discredsiiic  Maxwell's  equations  in  integral  form.  A  system  of 
equations  is  set  up,  which  results  in  a  sparse  matrix.  Hie  system  of  equations  is  solved  by  the 
biconjugatc  gtadient  method  on  a  supercomputer  (  2.7  Gl^OPS).  Using  230  Mbyte  RAM  a 
maximum  matrix  size  of  330  000  is  possible.  *11118  results  in  a  structure  of  SS  000  elementary  cells 
fua'  u  complex  computation  in  the  lossy  case. 


Discretization  of  Maxwell's  eguadons 


I'hc  three-dimensional  structure  is  enclosed  in  a  shielded  rectangular  box  and  contains  mbiirury 
filling  materials.  Ttie  wolis  of  the  box  are  perfectly  conducting.  The  whole  box  is  divided  into  n 
elementary  cells  of  arbitrary  complex  permittivity  and  permeability  including  ideal  and  nun-idcul 
conductors.  In  order  to  reduce  the  computational  efforts  the  clccncnUuy  cells  arc  of  tccutngular  sltuiic 
in  a  honugeneous  but  non  necessarily  equidistant  grid.  As  shown  in  Fig.  2  the  space  components  of 
flic  clccuic  and  the  nugnetic  fields  are  defined  upon  each  elementary  cell.  Iliis  kind  of  allocution  has 
the  advantage  of  implicitly  fulfilling  the  continuity  conditions  between  two  neighbored  cells  of 
different  material. 


Pig.  2  AllocaUon  of  UKtcitiClric  and  magnetic  ficlU  components  at  the  elementary  cell  k 

in  the  fallowing  and  it  ore  the  electric  and  magnetic  field  strengths,  3  and  it  the  fin.x  densities 
and  Ju  the  source  current  density.  All  field  components  and  materitti  related  parameters  arc  allowed 
to  be  complex.  With  a  harmonic  time  dependence  of  the  form  expfjcut),  the  first  and  second 
Maxwell's  equation  in  integral  form  con  be  written: 

dA  +  I  J,-S 

h  (la) 

(lb) 

t  =  pit. 


j)  H  ds  =  j  (jwD  -I-  kE^ 

^  E-ds=  ■  j  jeoB'dA 
with  the  relations  l3  =  e  ^ 
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A  source  free  structure  U  ( T«>0).  PoUiizetion  losses  (tanS)  have  been  taken  into  account 

by  the  complex  pennitdvity  & 

Applying  lltrse  Bssumptkxts  to  sq.  (1),  Maxwell's  equations  can  be  discsiolisued  for  any  cell  k  by  a 
lowest  order  integration  fonnula.  The  integration  planes  for  the  elenaentary  cell  k  are  shown  in  Fig. 
2.  Combining  the  resulting  disaedsked  equations  leads  to  a  lelatian  bctwcM  each  space  component 
of  cell  k  (Ejijt,  Eyjc,  and  the  neighboring  componenta.  litis  it  visualized  in  Fig.  3  for  the  Ex^ 
component. 


I'ig.  3  Bxjt  component  and  dependent  Hcomcone«Ui,defipiiig  a  equalion  of  the  Ibwarsyrtem  of  equailoiui 


Setting  up  the  equations  for  all  n  cells  of  the  whole  structuie  leads  to  a  linear  system  of  equations 
<2}.  Ihis  matrix  equation  defines  a  boundoiy  value  problem  for  the  unknown  electric  field. 


”  ,  " 

ntlin) 

Ex,k 

% 

•• 

Eg  - 

E«J> 

E. 

ttxdt«d 

pdm) 

(2) 


The  right  hand  side  is  given  by  the  exciting  field.  The  complex  values  are  splitted  into  real  (Re)  and 
imaginary  (Im)  ports,  thus  resulting  B  teal  system  of  equations.Tho  coefticient  matrix  [C]  Is  sparse 
and  consists  of  27  diagonals  for  lossy  structures  (ft  real).  The  system  of  equations  is  solved 
iteratively  by  the  bicunjugatc  gradient  method  and  lends  to  the  electric  field  'nsldc  the  structure. 


Uetei  ininaiiori  of  the  transverse  electric  modal  fields  inside  the  structure 

For  computation  of  the  transverse  electric  Held  in  any  direction  inside  the  stmeture  the  procedure  of 
the  threc-diinensionol  case  can  be  applied  in  a  simplified  version.  The  botnogencity  of  the  field 
components  in  z-direction,  depending  on  the  propagation  constant  k^ ,  allows  to  eliminate  the  z- 
cumponents  by  using  the  continuity  equation. 


(4a) 


After  sonic  reiuTangcuicnts  this  leads  to  the  following  eigenvalue  problem 
([A]-Y[lj)E  =  0 
with 


(4b) 


that  is  to  be  solved  for  7.  The  eigenvectors  related  to  each  of  the  propagation  constant  con  be 
computed  by  solving  (4u)  and  give  the  transverse  fields  of  each  mode.  Ihc  fields  arc  oitliogonal  to 
each  other. 

Applying  the  orihogunulity  lelation  of  tlic  modal  fields  Eg,  Hti  to  the  calculated  field  in  u  tangential 
ic-plunc  Et  of  the  thrcc-dinicnsioniil  structure  allows  a  modal  decomposition  17,8]. 


VcritiQtlillll 

At  die  frequencies  under  investigudon  the  cliuinbcr  beliavcs  like  u  waveguide  near  cutoff.  Tlie  two- 
dimensional  con>puiutton  have  been  checked  against  unalytitnil  solutions  nnd  results  derived  by  otlici 
motliods. 


2x4  grid  4x8  grid  8x16  grid 


Pig.  4  Grid  divitioiisof  u  waveguide  fdlcd  with  lussy  dielectric  iinictiol  (e,"20  -  j2);  height  fi«Sa,  widili  walQe: 
a:  nuriiuilkutioii  consUni 


notmaiiiedlrequcncy/ako  frequency /MHx 


Pig.  5  Relative  urer  of  the  propagation  constant  Fig.  6  Comparison  of  diteedlmcnsional  end 

of  the  waveguide  tuucuues.  iwo-dimcnsinal  soludon  for 

x-boniogcnoous  stnclurc. 
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A  wiivesuidc  tilled  with  lossy  dielectric  muteriol  luis  been  investigated  in  the  frequency  range  below 
and  above  cut-off.  The  first  10  modes  have  been  compared  to  the  analytical  solution  for  3  different 
types  of  ihe  grid,  Fig.  4.  The  relative  uiror  of  tlie  propagation  constants  Aa,  Ap  is  shown  in  Fig.  S 
for  the  first  (TEio)  and  the  seventh  (Ttai)  mode.  The  errant  reach  a  maximum  at  cut-off,  but  tiiey 
decrease  in  the  region  above  cut-off  to  values  below  1%.  Ihe  distance  of  the  two  x-planes  Ax,  whicli 
is  used  in  the  ctdculation  (see  eq.  (4b)),  has  been  set  to  O.Oln.  The  geometry  and  frequency  are 
noimulized  to  the  constant  a. 

The  discretization  error  of  the  three-dimensional  calcuiation  can  be  checked  for  homogeneous 
structures  by  comparison  to  a  two-dimensional  solution  [8].  As  an  example  Fig.  6  shows  a  typical 
error  and  the  envelope  giving  the  minimum  accuracy.  The  traces  indicate  the  finite  grid  spacing  in 
direction  of  propagation,  which  becomes  larger  with  increasing  frequency. 


Appllcmion  of  the  method 


Fig.  1  shows  tlie  geomcU7  of  the  investigated  anechoic  chamber.  It  is  discrctlsizcd  every  O.Sm  and 
by  Q.3rn  in  the  absorber  region.  The  pyramidal  absorbers  con  not  be  discrctlsizcd  in  detail  due  to  tlie 
limited  number  of  elementary  cells.  They  are  modelled  by  sheets  of  dielectric  material  with  an 
effcctiv  dielectric  constant  c  and  a  loss  factor  tanS.  This  Is  an  adequate  simplification,  because  the 
dimensions  of  the  pyrumidcs  ore  small  compared  to  the  wavelength  in  the  used  frequency 
riuigc.l}iffcretu  materials  were  used  for  the  tips  of  the  absorbers  and  the  ground  sheet.  The  ground 
plane  of  tlie  cliainbcr  and  the  walls  consist  of  different  absorbers.  Tlie  values  of  a  arc  1.7  and  1.2 
and  of  tanS  1.0  and  0.3.  respectively. 


Fig.  7  AucnualioK  constant  of  (he  rust  Fig.  8  Ttansverse  electric  field  in  a  crossoctional 

modes  in  a  chamber  croucction.  piane  vSAin 

An  example  for  the  two-dimensional  solution  for  the  chamber  of  Fig.  1  in  a  plane  zoconsL  is  shown 
in  Fig  7.  The  attenuation  constant  indicates  tlie  catoff  frequency  for  the  first  6  modes.  At  a  frequency 
of  20  MHz  the  first  mode  reaches  its  cutoff  an  will  dotidnate  the  behavior  of  the  whole  structure. 
Even  if  there  ore  some  modes  above  cutoff  frequency  it  is  possible  to  excite  only  a  few  of  iltcm  by  an 
appropriate  choice  of  the  location  of  the  exciting  field. 

For  field  excitation  arbitrary  components  of  (he  fielcd  inside  tlie  box  can  be  given  with  arbitrary 
phase  and  amplitude.  It  allows  to  give  any  kind  of  polarization  (linear,  circular,  elliptical)  of  the 
exciting  field. 
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A  vertical  excitation  at  the  pione  zxl.Sm  in  the  location  x-3tn  yx4in  U  for  the  following  three- 
dimensional  computations.  'Hiis  excitation  corresponds  to  on  electric  dipole  in  x-dircction.  To  show 
the  intlucnce  of  reflecting  materials  into  the  chamber  u  second  example  was  computed.  A  metallic 
post  is  positioned  in  the  chamber  at  tlic  location  xn8.2Sin  yx3.Sm  widi  a  size  of  0..^m  by  Im  and  u 
highl  of  2m. 


Hg.  9  Tnmsvct'seelociricUcldinacrau-ioctlaiul  I-ig.  10  tlaiuvaie  electric  nelil  in  a  crau-sccUeiuil 
plane  a«7m  (frequency  30  MHz)  Mine  u  Fig.  9  with  meUUlic  post 

A  ihi'ce-dimcnslonal  computation  ut  30  MHz  shows  the  dominance  of  the  first  mode  (like  a  TUm 
waveguide  mode),  llie  clecuic  field  in  two  different  planes  near  the  excitation  (idone  zx2m)  (l‘ig.  B) 
and  away  liotn  it  (plane  zx7m)  G‘iit.9)  show  die  attenuadon  of  higher  order  modes.  If  the  uddliionul 
metallic  post  is  included  in  the  structure  die  field  is  changed  near  the  post.  Higher  order  modes  are 
excited  ut  the  post  (Fig  10). 


Fig.  11  a)  30  MHz  b)  40  MHz 

iVansverse  electric  Held  In  a  cross-scciional  piano  x»2ni  (top  view)  in  an  empty  chamber 

Fig.  1 1  shows  a  top  view  of  the  electric  field  nonntd  to  the  cross-section.  Using  a  frequency  of  40 
MFlz  the  field  composition  gets  more  complicated.  Due  to  the  asymmetric  position  of  the  exciting 
field  there  ore  a  more  modes  excited  titan  at  30  MHz. 

Tlie  magnetic  field  of  the  souk  configmaiiOii  is  shown  in  Fig.  12  and  Fig.  13  at  two  different  times. 
A  wavefront  moving  from  the  right  side  to  die  left  can  be  seen  especially  if  more  time  steps  oie  used. 
Tlic  rcflccdoii  from  the  metallic  post  can  be  noticed. 
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The  iiiagiiciic  energy  lng.l4  indicates  mote  rcllcclions  in  presence  of  the  metallic  post  and  a  liigher 
energy  content  due  to  multiple  reflections. 


Conclusion 


Itie  presented  method  is  well  suited  for  compuMtioa  of  mechoic  chambers  in  the  firequency  range  of 
1  to  100  Mliz.  The  flexibility  of  the  geometry  allows  to  Include  different  absorbers,  devices  under 
test,  imd  e.g.  an  antenna  podgier  in  the  computatloa.  The  plots  of  the  computed  three  dimensional 
clociric  and  magnedc  fieUlt  and  the  electric  and  magnetic  energy  give  informations  on  the  behavior  of 
the  electromagnetic  field.  The  large  number  of  diacretizaden  eiementaty  cells  allows  an  excellent 
modelling  of  the  investigated  structures.  Qitical  frequencies  can  be  found  by  two-dimensional  and 
three-dimensional  computations.  The  position  of  an  antenna  and  a  device  under  test  cun  be  optimized 
for  those  frequencies. 
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SESSION  7-  “MOMENT  METHOD  THEORY" 
Moderator:  Allen  Gllaaon 


A  Multilevel  Enhancement  of  the  Method  of  Moments 
Khalil  Kalbasi,  ’Kenneth  R.  Demarest 

Radar  Systems  and  Remote  Sensing  Laboratory 
Department  of  Electrical  and  Computer  Engineering 
The  University  of  Kansas 
Lawrence,  KS  66045 

ABSTRACT  :  A  multilevel  formulation  of  the  meftiod  of  moments  (MoU)  for  computing  the  fields 
scattered  by  eledrlcaliy  large  conducting  bodies  is  presented.  This  iterative  method  can  handle  ve^  large 
MoM  matrix  equations  efliciently,  is  particularly  suitable  for  multiple  excitations,  and  can  be  adapted  as  a 
'solve'  module  for  almost  any  MoM  code.  We  have  formulated  tho  method  lor  a  model  problem  (the  EFIF. 
applied  to  two-dimensional  scatterers]  successtully,  and  fee!  that  A  holds  signillcant  promise  tor  other 
integral  equations  in  two  or  three  dimensions.  Solutions  are  presented  and  are  compared  In  efficiency 
performance  with  existing  results. 

INTRODUCTION 

The  method  of  moments  continues  to  be  an  attractive  technique  for  solving 
eiectromag  utic  scattering  problems,  its  advantages  are  many  and  well  known.  In 
spite  If  its  advantages,  however,  the  MoM  is  for  the  most  part  relegated  to  resonance 
range  frequencies  for  large  scatterers.  This  limitation  stems  from  the  prohibitive 
computational  cost  associated  with  solving  large  systems  of  equations.  As  is  well 
known,  the  computational  cost  o(  direct  solvers  grows  as  the  cube  the  number  of 
unknowns,  making  it  unsuitable  tor  very  large  problems. 

Iterative  methods  have,  for  many  years,  been  seen  as  attractive  alternatives  to 
direct  solvers  when  matrix  equations  are  very  targe.  The  computational  cost  per 
iteration  of  these  solvers  typically  grows  as  the  total  number  of  nonzero  entries  of  the 
matrix.  This  has  prompted  the  use  of  iterative  solvers  in  partial  differential  equation 
formulations  where  the  resulting  matrix  is  large  and  sparse. 

Unfortunately,  iterative  methods,  In  general,  have  not  been  found  particularly 
effective  in  MoM  formulations.  Tho  reason  is  that  the  impedance  matrices  associated 
with  electrically  large  scatterers  tend  to  be  huge,  dense,  non-hermition,  and  non- 
symmetric.  These  negative  features  result  In  slowly  converging,  or  worse  yet,  diverging 
solutions.  Clearly,  iterative  procedures  alone  will  not  substantially  increase  the  range 
of  problems  that  MoM  can  address. 
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MULTILEVEL  ITERATIONS 


Classical  linear  Iterations  have  the  general  characteristic  that  the  local  (i.e.,  fast: 
or  high  spatial  frequency)  solution  behavior  converges  rapidly,  but  the  global  (i.e., 
slow,  or  low  spatial  frequency)  behavior  either  diverges  or  converges  slowly.  The  fast 
components  of  the  solution  are  extracted  quickly,  while  it  takes  many  iterations  to 
capture  the  slow  modes.  Therefore,  the  iteration  process  is  selective  in  extracting 
some  modes  and  ’filtering"  the  others. 

Multilevel  based  methods  [1],  capitalize  on  this  selective  property  of  the  iteration 
process.  The  basic  idea  is  as  follows.  A  given  geometry  is  first  modeled  with  a  tine 
level  of  discretization  and  an  iterative  solver  is  initiated.  In  just  a  few  iterations,  the  high 
frequency  modes  of  the  solution  will  be  quickly  identified,  but  large  low  frequency 
errors  will  remain.  At  this  point,  the  geometry  is  remodeled  using  a  coarser  level  of 
discretization.  At  this  coarser  level,  modes  that  appeared  to  be  "slow"  in  the  tine  level 
now  seem  to  be  "fast".  These  modes  can  then  be  quickly  identified  with  an  iterative 
solver  at  this  coarser  level. 

Multilevel  techniques  typically  Involve  several  levels  of  discretization.  Solutions 
obtained  by  iteration  at  one  level  can  be  passed  either  "up*  to  a  finer  level  or  "down"  to 
a  coarser  level  to  take  advantage  of  the  the  mode  selective  characteristics  exhibited  by 
the  iterative  solvers  at  each  level.  Since  the  cost  per  Iteration  is  far  less  at  the  coarser 
levels,  the  global  characteristics  of  the  solution  can  be  identified  at  a  fraction  of  the 
cost  of  either  direct  or  classical  iterative  methods  at  a  single  level. 

The  key  to  a  successful  implementation  of  multilevel  methodology  to  the  MoM 
(hereafter  called  the  multilevsl  moment  methodi  is  the  development  of  basis  functions 
that  allow  the  remodeling  of  a  given  problem  at  different  levels  of  discretization 
consistently  and  without  the  high  cost  of  recaicuiating  the  Impedance  matrix  elements. 
This  Is  addressed  In  the  next  section.  After  sketching  the  main  features  of  the 
technique,  representative  results  for  two-dimensional  conducting  objects  using  the 
Electric  Field  Integral  Equation  will  be  presented. 

INTERLEVEL  REl  ATIONS 

To  conceive  a  simple  two-level  moment  method  we  start  with  the  operator 
equation 


Lf-o, 


(1) 
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where  L  is  a  linear  integral  oparstor,  g  is  a  known  excitation,  and  the  function  f  is  to  be 
determined.  Starting  with  the  usual  MoM  procedure,  let's  assume  that  the  unknown 
function  is  approximated  via  a  pulse  basis  set  of  support  (i.e., length)  h.  Using  a  Galerkin 
scheme,  the  matrix  equation  Z^'xi'a  is  obtained.  Next  assume  another  matrix  equation 
Z^xf^s  is  generated,  where  H32h  is  support  associated  with  a  coarser  oasis  and 
weighting  set  of  functions  Here,  Z*'  and  ZH  correspond  to  fine  and  coarse 
representations  of  the  operator  L,  respectively  .  The  same  Is  true  of  the  vector  pairs  g*’  ■ 
gH  and  X*' .  xH. 

The  vectors  and  matrices  on  fine  level  are  related  to  their  coarse  counterparts 
through  two  transfer  operators,  [R]  and  [I],  called  restriction  arid  interpolation 
operators,  respectively.  Mathematically,  [R]  maps  a  given  vector  from  an 
N-dimensional  spaco  to  some  lower  dimension  (say  N/2).  The  operator  [I]  does  the 
opposite  task. 

It  is  possible  to  generalize  the  transfer  operators  associated  with  a  given  choice 
of  basis  and  testing  functions.  For  a  Galerkin  scheme,  [R]  and  [I]  are  transposes  of 
each  other  because  of  reciprocity.  This  suggests  that  the  coarse  level  matrices  and  the 
right  hand  sides  can  be  constructed  using  their  representations  at  the  fine  level  via  the 
identities 

IZHJ^IRUZKIIU.  (2) 


and 
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(3) 


As  an  example,  If  subsectional  pulse  functions  are  used  In  a  Galerkin  scheme, 
[R]  has  the  following  structure: 
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Also,  [I]  Is  the  transpose  of  [R]  multipliad  by  a  scale  factor. 
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THE  ALGORITHM 

The  multilevel  algorithm  starts  at  the  finest  level  of  discretization.  Linear  iteration 
schemes  such  as  Gauss-Seidel  or  the  Banded  Matrix  Iteration  (BMI)  [2]  are  used  until 
the  convergence  has  slowed.  If  we  denote  the  iterative  solution  by  X|^  and  the  exact 
solution  by  x. ,  the  error  after  k  iterations  is 

e^  =  X.  .  .  (6) 

This  error  is  related  to  residual  (i.e.,  boundary)  error,  r|^  •«  v  -  Z  x^,  via  the  residual 
equation 

Z  e,  =  r^ .  (6) 

The  residual  error  contains  the  slow  modes  which  are  not  easily  rsduced  by  the 
iteration  process  at  the  fine  level  of  disci etization. 

Next  we  project  to  the  coarser  level.  H,  via  the  operator  [R], 

rH=  [H]  rh .  (7) 

The  residual  equation  (equation  6)  is  then  solved  at  this  coarser  level.  The  solution  at 
this  level  can  be  found  by  LU  factorization  If  the  number  of  unknowns  is  small,  or  by 
iteration  if  the  number  of  unknowns  is  still  relatively  large.  Once  obtained,  the  coarse 
version  of  the  erroi,  e^,  is  then  interpolated  via  Ihe  interpolation  operator,  [I],  to  the 
fine  grid  level.  By  interpolating  the  error  to  the  fine  level,  we  can  construct  an 
approximation  to  eh  and  call  it  Sh; 

eh=[l]  0H,  (8) 

A  new  estimate  of  the  solution  is  thus  obtained  by  adding  01’  to  the  previous  estimate 
of  the  solutloi'i  at  the  fine  level 


X 


k+1~ 


X,  +  eh  . 


(9) 


This  new  estimate  of  the  solution,  X|^^,.  can  now  be  usod  as  the  starting  point 
for  a  new  multilevel  cycle.  This  now  estimate  contains  slow  mode  information  that  is 
not  easily  obtained  at  the  fine  level.  It  also  contains  fast  mode  errors  since  the  coarse 
level  can  not  adequately  model  these.  These  fast  mode  errors  can,  however,  be 
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removed  in  just  a  few  iterations  at  the  fine  levei.  The  iterative  procedure  at  the  fine 
levei  once  again  is  halted  when  the  convergence  starts  to  stall  and  the  error  is 
restricted  for  use  in  the  coarse  level. 

OTHER  CONSIDERATIONS 

The  scheme  discussed  above  is  a  simple  two-level  design.  It  is  the  basis  of  almost 
all  multilevel  algorithms.  Multilevel  methods  for  specific  problems  can  be  devised  by 
choosing  the  iteration,  the  number  of  levels,  the  directions  of  the  jumps  from  one  level 
to  another  (cycling),  transfers  between  levels. . . .  etc. 

Among  the  linear  iterative  techniques,  BMI  [2]  and  Gauss-Seidel  have  proved  to 
be  the  most  appropriate  for  multilevel  moment  method.  We  have  successfully 
implemented  the  multilevel  moment  method  using  both  iterations.  At  the  coarse  levels, 
the  iterations  must  be  convergent.  When  the  Gauss-Seidel  iteration  was  employed  at 
the  fine  level,  the  Kaczmarz  iteration  [3]  was  incorporated  at  coarse  levels  to 
guarantee  convergence.  Kaczmarz  iteration  is  basically  Gauss-Seidel  applied  to  the 
hermitian  form  of  the  impedance  matrix,  i.e.,  Z^Z,  where  Z®  is  tne  complex  transpose 
version  of  Z.  When  BMI  Is  used  as  the  iteration  on  the  fine  level,  a  guaranteed 
convergence  at  coarse  levels  may  not  be  possible.  This  suggests  that  the  combination 
of  Gauss-Seidel  and  Kaczmarz  iterations  Is  suporiorto  BMI. 

LU  factorization  is  commonly  employed  to  solve  the  relatively  small  systems  of 
equations  at  the  coarsest  level,  although  Iterations  could  be  used  as  well.  If  direct 
solvers  are  used,  the  factored  form  of  the  (coarsest)  matrix  is  saved  throughout  the 
iteration.  In  cases  of  multiple  excitations,  the  factored  form  of  the  coarsest  matrix  can 
be  used  advantageously  for  different  excitations  with  considerable  savings  in 
computations. 

For  electromagnetic  scattering  problems,  the  coarsest  discretization  possible  is 
limi‘ed  by  the  characteristic  wavenumber  ko.  The  order  in  which  the  solution  process 
jumps  between  the  levels  is  controlled  by  the  cycling  scheme  chosen.  The  more 
commonly  used  cycling  schemes,  such  as  V  and  W  [1],  are  inefficient  with  multilevel 
moment  method  .  The  V  cycle,  for  example,  stads  by  iterating  on  the  fine  level  and  then 
moves  down  p  steps  to  the  coarsest  level,  where  the  problem  is  usually  solved  exactly, 
This  scheme  progresses  by  then  moving  upward,  one  level  at  a  time,  until  the  results 
are  carried  over  to  tne  finest  level.  Therefore,  one  full  V  cycle  requires  visiting  every 
level  twice,  once  going  down  and  once  moving  up. 
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For  dense  MoM  matrix  equations,  sawtooth  cycling  appears  to  be  more  efficient 
than  V  or  W  cycling  since  it  visits  each  level  only  once  in  a  cycle.  Sawtooth  cycling 
starts  at  the  coarsest  level  and  moves  upward  until  the  finest  level  is  reached,  then 
jumps  to  the  coarsest  level. 

The  next  section  presents  results  and  comparisons  of  the  multilevel  moment 
method  for  two-dimensional  conducting  bodies. 

NUMERICAL  RESULTS 

Consider  first  the  example  of  a  thin,  perfectly  conducting  corner  reflector  with 
equal  and  perpendicular  sides.  As  shown  in  Figure  la,  the  incident  field  is  a  TM  plane 
wave,  approaching  at  an  angle  of  40°.  To  model  this  geometiy,  we  use  tho  EFIE,  with 
pulse  basis  functions  and  point  matching  on  the  plates  [4].  The  matrix  equation  is 
solved  using  the  multilevel  scheme  discussed  above.  In  all  the  numerical  experiments 
presented  here,  a  problem  is  considered  "solved"  when  a  residual  error  of  less  than 
10'4  is  obtained,  corresponding  to  four  digits  of  accuracy  in  the  near  field  solution.  The 
parameters  of  interest  such  as  the  sampling  density,  the  number  of  levels,  the  type  of 
iteration  used,  etc. . .,  are  given  with  the  table  and  graphs. 

The  advantage  of  the  multilevel  scheme  becomes  apparent  as  the  number  of 
unknowns.  N,  increases.  Table  1  includes  some  relevant  information  concerning  the 
performance  of  the  3-level  scheme  applied  to  the  corner  reflector  geometry,  including 
number  of  unknowns,  size  of  the  reflector  side  in  wavelength,  fill  time,  factor  time, 
iteration  time,  and  number  of  required  cycles  for  convergence.  As  this  table  shows,  the 
number  of  cycles  needed  for  convergence  seems  independent  of  the  number  of 
unknowns.  (Wo  have  observed  this  same  behavior  on  all  geometries  we  have  tried 
thus  far.) 

To  investigate  the  performance  of  the  multilevel  moment  method  on  a  more 
complex  scatterer,  we  next  choose  a  modified  NACA  0012  airfoil  (Figure  1b).  The  tip  to 
toe  length  (cord  length)  is  changed  to  yield  different  values  of  In  all  cases,  the 
.qt-irtirig  discretization  on  the  finest  level  was  16  points  per  Wv  elength. 

Figure  2  compares  the  Gauss-Seidel  multilevel  technique  with  a  standard 
conjugate  gradient  solver  [5]  for  different  tip  to  toe  lengths  of  tho  NACA  airfoil.  Each 
curve  shows  the  decrease  in  residual  error  of  the  fine  level  as  a  function  of  the  number 
of  Work  Units  (WU).  (One  WU  is  equal  to  the  cost  of  one  matrix  vector  multiplication  at 
fine  level,  i.e.,  complex  operations).  For  the  conjugate  gradient,  tho  number  of  work 
units  required  for  an  acceptable  solution  grows  linearly  with  N.  Note  that  this  is  the 
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same  total  number  of  WUs  as  demanded  by  direct  methods.  For  the  multilevel  moment 
method,  the  number  of  WUs  is  practically  independent  of  N. 

The  performance  of  the  multilevel  scheme  is  clearly  superior  to  conjugate 
gradient  and  direct  methods.  Furthermore,  the  advantage  of  the  multilevel  moment 
method  becomes  more  pronounced  as  the  number  of  unknowns  increases.  Similar 
results  have  been  obtained  using  BMI  variant  of  the  multilevel  scheme  on  different 
geometries,  such  as  plates  [6],  and  ogives. 

CONCLUSIONS 

In  this  paper  we  have  shown  the  feasibility  of  the  multilevel  moment  method  for 
the  EFIE  in  two  dimensions.  For  this  model  problem,  it  was  shown  that  the  multilevel 
moment  method  is  much  faster  than  the  conjugate  gradient  iteration  applied  to  the 
discretized  matrix  equation,  not  to  mention  any  direct  method  of  solution.  The 
multilevel  moment  method  also  does  not  suffer  from  the  divergence  problems 
associated  with  the  application  of  linear  iterations  to  MoM  matrix  equations. 
Appropriate  iterations  for  multilevel  treatment  of  method  of  moment  problems  were 
Identified,  as  well  as  tiie  transfer  operators  and  cycling  between  adjacent  levels  of 
discretizations.  In  addition  to  these,  very  encouraging  results  were  obtained  where 
problems  with  a  few  thousands  of  unknowns  are  solved  in  less  than  to  cycles  of  the 
method.  Future  extensions  of  the  method  are  planned  as  solve  modules  for  existing 
MoM  codes. 
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Figure  1 


a)  Uniform  plane  wave  (TM^)  incident  on  a  thin  corner  reflector  of  finite  sides. 


> 


b)  NACA0012  airfoil  geometry  with  tip  to  toe  length  L  The  coordinates  convention  is 
the  same  as  part  a  above. 
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Table  1 


Performance  of  3-level  scheme  on  a  corner  reflector  with  perpendicular  sides.  The 
incidence  angle  ij)  was  40°.  Block  Gauss-Seidel  (BGS)  was  used  as  the  i'  ation  on 
the  fine  level  and  Kaczmarz  iteration  on  coarser  levels.  The  number  m  denotes  the 
coefficients  per  block  used  in  BGS.  On  the  coarsest  level  LU  factorization  was 
employed  lo  solve  the  system  directly.  The  sampling  density  of  16  points  per  X  was 
chosen  on  fine  level.  Number  of  iterations  at  each  stop  on  different  levels  was  one. 


N 

Reflector 
Side  (X) 

Matrix 

Generation 

Time  (sec.) 

Factor  Time 

for  Coarsest 
Level  (sec.) 

Total 

Iteration 

Time  (sec.) 

Cycles 

200 

6.25 

0.23 

0.03 

0.68  (m=8) 

400 

12.5 

0.94 

0.24 

2.94  (m=.8) 

7 

600 

18.75 

2.11 

0.8 

5.54  (m=8) 

6 

800 

25 

4.0 

1.86 

12.14  (m-IG) 

6 

1000 

31.25 

6.18 

3.38 

21.42  (m-8) 

6 

1200 

37.5 

9.2 

5.69 

28.75  (m=16) 

m 
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Figure  2 

Performance  of  multilevel  moment  method  compared  with  the  conjugate  gradient  (CG) 
iteration  for  different  sizes  of  NACA  airfoil.  Block  Gauss-Seidei  on  fine  level  and  the 
Kaczmarz  iteration  on  coarser  levels  was  employed.  Other  relevant  informations  are  : 
incident  angle  <t):=l65°,  m=8,  3-leve!  Scheme,  1  Iteration  per  level.  Tip  to  toe  length  of 
L=12.2596>.  (N=400),  L.=24.5U  (N=800)  and  L=36.77X  (N=1200)  were  used  for 
airfoils. 
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Abstract 

Ihe  UM  of  a  pube  expansion  and  point  uatchiug  (P£PM)  scheme  in  the  eleclrk  field  InUgral  c4)uadon 
(EF1E)  solution  of  three*dMnettsioaal,  ttate-hannonk  electromagnetk  bouDdary>vahie  problems  b  lovestlRHted. 
Problems  of  electron  lagnotk  scatterina  by  a  few  simple  conducting  bodice  in  free  space  are  considered.  A 
comparison  of  solutions  obtained  using  the  PKPM-EFIE  scheme  wkh  those  obtained  using  rooftop  expansion 
fuwUions  and  a  line  testing  procedure  indicates  that  the  PEPM«EI^  scheme  may  not  produce  correct  results  for 
general  three-dimensional  geouietries.  An  empirical  explanation  for  the  apparent  failure  of  the  PEPM-EFIE 
approach  to  EM  scattering  by  arbitrarily  shaped  scaUcrers  is  suggested  by  studying  (he  near  field  of  a  known 
puUe-approxiniated  current. 


I.  Introduction 

The  integrJ  equation  technique  is  still  a  viable  method  for  solving  a  large  class  of 
electromagnetic  boundary- value  problems,  even  though  other  approaches  such  as  the  finite- 
element  method  (FEM),  and  the  conjugate  gradient  fast  Fourier  transform  method  (CG-FFT)  arc 
increasingly  finding  many  applications  in  the  solution  of  dynamic  EM  problems  in  recent  years. 
Integral  equations  for  EM  problems  are  most  often  solved  by  the  method  of  moments  (MM), 
where  tlic  choice  of  the  expansion  and  testing  functions  plays  an  important  role  in  determining 
the  accuracy  and  convergence  rate  of  the  solution.  One  of  the  most  versatile  and  efficient 
expansion  and  testing  schemes  in  tlic  MM  solution  of  surface  integral  equations  for  a  special 
class  of  geometries  is  the  rooftop  expan.sion  and  line  testing  (KELT)  approach  proposed  by 
Glisson  and  Wilton  [1].  This  approach  was  subsequently  extended  by  Rao,  Wilton,  and  Glisson 
for  the  treatment  of  arbitrarily  shaped  three-dimensional  bodies  [2]. 

The  simpler  pulse  expansion  and  point  matching  (PEPM)  approach  has  been  widely  used 
for  static  EM  problems,  and  for  specific  formulations  and  polarizations  in  two-dimensional 
dynamic  EM  problems  [3j.  Recent  work  has  shown  that  the  PEPM  approach  can  also  be  very 
effective  for  two-dimensional  scattering  problems  modeled  by  the  EFIE  for  both  polarizations 
but  it  has  not  been  employed  with  any  success  in  the  elcctnc  field  surface  integral 
equations  for  three-dimensional  dynamic  EM  problems  to  the  best  of  the  authors'  knowledge. 
Yet  compared  to  the  KELT  approach,  the  PEPM  scheme  generally  requires  fewer  computations 
and  may  be  more  convenient  in  the  segmentation  of  some  boundary  surfaces.  Thus  the  PEPM 
approach  would  appear  to  be  a  preferable  approach  when  it  is  applicable.  The  analytical 
methods  recently  proposed  by  Mahadevan  and  Auda  [6,7]  for  evaluating  accurately  the  singular 
surface  integral  involving  the  froc-spacc  Green’s  function  allows  one  to  efficiently  use  the  PEPM 
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scheme  in  the  surface  integral  equation. 

In  this  paper,  the  applicability  of  the  PEPM-EFIE  for  the  solution  of  three-dimensional 
dynamic  EM  problems  is  investigated  by  solving  scattering  problems  involving  simple 
conducting  bodies  such  as  strips,  thin  wires,  rectangular  plates,  and  closed  rectangular  cylinders. 
In  the  following  section,  the  PEPM-EFIE  formulation  and  the  numerical  solution  proc^ure  are 
presented.  In  Section  III,  numerical  results  obtained  with  the  PEPM  and  RELT  schemes  are 
compared  and  an  empirical  study  is  described  which  may  explain  the  apparent  failure  of  the 
PEPM-EFIE  approach  to  model  EM  scattering  by  arbitrarily  shaped  scatterers. 


n.  PEPM-EFIE  Formulation 

Consider  a  perfectly  conducting  object  illuminated  by  a  prescribed  incident  field  (E‘,  H') 
in  free  space.  To  obtain  an  integral  equation  for  the  problem,  one  replaces  the  surface  S  of  the 
object  with  the  electric  current  density  J  induced  on  that  surface,  and  etiforces  the  boundary 
condition  on  the  total  field  E'  or  H'  to  obtain 


ftxE'(r)  =  ftx[EV)  +  E'(r)]  -  0 

(EFIE) 

(1) 

ftxH'(r)  =  ftX[H'‘(r) +H'(r)]  -  J(r) 

(MFIK) 

(2) 

where  r  is  just  outside  S  and  ft  is  the  outward  normal  to  S.  The  PEPM  procedure  can  be  '•eadily 
applied  to  (2),  but  it  is  well  known  that  for  objects  with  vanishing  thickness  (1)  is  still  valid 
while  (2)  fails.  Therefore,  it  is  desirable  to  also  be  able  to  use  (1)  to  obtain  numerical  solutions. 
The  ability  to  soWe  (1)  is  also  desirable  because  one  approach  to  the  avoidance  of  internal 
resonance  problems  is  the  use  of  the  combined  field  integral  equation  (CFIE)  [8],  which  may 
be  formed  as  a  linear  combination  of  (1)  and  (2). 

The  scattered  fields  E^  and  arc  given  by 

EV)  - 

Jut 


H-'W  =  VxA  =  [j(r')xVC?(r.r')d5'  (4) 

where  G(r,r')  =  exp{-}kR)IA-xR,  R  =  |r  -  r'  | .  and  where  the  integral  rep.esenuiioa  on  the  right 
side  in  (4)  is  valid  for  r  outside  S.  The  mixed  poteii'Jal  expression  (3)  for  ttie  eleciric  field  is 
often  preferred  to  other  forms  because  it  involves  a  less  singu'ar’  kernel.  Implicit  in  tnis 
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statement,  however,  is  the  assumption  that  the  gradient  operator  in  (3)  is  evaluated  only  in  a 
weighted  average  sense  through  the  testing  procedure.  To  solve  (1)  or  (2)  by  the  moment 
method,  one  next  expresses  the  current  density  J  in  terms  of  an  expansion  function  with 
unknown  coefficients,  i.e,. 


J(r') 


N 


(5) 


A  testing  procedure  is  then  chosen  which  leads  to  an  appropriate  system  of  linear  equations. 
One  factor  in  the  choice  of  expansion  functions  and  testing  procedure  is  the  form  of  the  integral 
equation.  It  has  long  been  known  that  the  PEPM  technique  is  welt-suited  for  use  with  (2), 
where  '■valuation  of  the  curl  operation  in  (4)  as  the  observation  point  approaches  the  surface 
along  with  (2)  leads  to  a  Fredholm  integral  equation  of  the  second  kind.  It  has  been  widely 
accepted  that  a  smoother  representation  for  the  current  density  J  is  required  for  the  EFIE,  which 
is  an  integral  equation  of  the  first  kind.  Results  obtained  for  two-dimensional  geometries  [4,5], 
however,  have  suggested  that  pulse  basis  functions  may  indeed  be  a  viable  alternative  in  the 
EFIE. 


In  this  paper,  only  wires  and  a  few  simple  conducting  bodies  whose  surfaces  can  be 
subdivided  into  a  set  of  rectangular  patches  are  considered.  Tlis  expansion  functions  e,-  in  (5) 
are  chosen  to  be  pulses  on  each  of  the  rectangular  subdomains  in  the  PEPM  approach.  Thus  we 
consider  a  rectangular  patch  subdomain  with  dimensions  lying  in  the  w-v  plane  with 

a  uniform  v-directed  electric  current  density  defined  on  it.  With  the  origin  of  the  coordinate 
system  at  the  center  of  the  patch  and  with  (n.v.iv)  as  the  observation  ixjint,  one  obtains  for  the 
vector  potential 


-JkR 

A  =  V  f  f  £ - du'dV  ;  R  =  [(u'-u)' +  (v'-v)^  +  vv^]‘" 

4*-/? 


When  the  field  point  is  within  the  source  region,  the  kernel  in  (6)  is  singular  and  a  dirjct 
numerical  integration  is  impractical.  In  this  case,  the  analytic  expression.s  of  Mahadevan  and 
Auda  [6]  can  be  used,  or  for  programming  simplicity,  one  may  extract  only  the  singular  portion 
of  the  vector  potential  to  be  evaluated  analytically.  In  the  latter  case  the  vector  potential  may 
l)e  represented  as 


1  1 


,  -jkR  1  1  W  V 

__  du'</v'  +«~fCo(M,v,w;u'v')l„.“._w.lv 


— w. 


(7) 


where 

A:^(h,v,w;i4'v')  »  (m'-u)  (n{v'-v*R)  *  (v'-v)  ln{u'-u*R)  ~  wlan''  |  (8) 
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The  first  term  in  (7)  is  then  non-singular  and  is  amenable  to  numerical  integration.  For  the 
second  term  in  (3),  the  divergence  of  the  current  may  be  represented  as 

V'-J(r')  -  ±6(v'±»V^  (9) 

and  one  then  obtains 

w  r 

L 

where  p**u,  v,  or  w;  p'<^u'y,  or  w';  w'=0.  Since  the  match  point  is  at  the  center  of  each 
rectangular  eiement,  the  kernel  in  (10)  is  never  singular  and  thus  (10)  can  be  evaluated 
accurately  by  numerical  integration.  It  is  worth  noting  that  (10)  can  be  obtained  directly  from 
VV  •  A  without  reference  to  the  divergence  of  the  discontinuous  pulse  basis  function  for  the 
current. 

Results  obtained  in  this  work  with  the  PHPM  approach,  which  employs  expressions  of  the 
form  given  by  (6)-(10),  are  compared  with  results  obtained  via  the  R£LT  aproach.  For 
comparison,  the  expansion  and  testing  schemes  used  in  the  PBPM  and  KELT  techniques  are 
illustrated  in  Fig,  1. 

Expressions  similar  to  (7)  and  (10)  can  be  obtained  for  the  electric  field  due  to  the  uniform 
u-directed  current.  The  point  matching  of  u  and  v  components  in  (1)  at  the  center  of  each 
segment  leads  to  a  coupled  system  of  simultaneous  equations  which  may  be  represented  in  matrix 
notation  as 


[ZJ  [/«]  •  [Z„J  (/,!  ■  IVJ 

(11a) 

IZJ  [/J  ♦  [ZJ  [/J  -  [FJ 

(11b) 

where  elements  of  the  impedance  matrix  can  be  computed  using  expressions  presented  in  the 
preceding  paragraphs.  For  example,  expressions  for  and  V,,  are 


du'  (10) 


268 


where  m  and  n  are  indices  whicli  specify  the  observation  and  source  patches,  respectively,  and 
where  The  matrix  equation  for  the  PEPM-MFIE 

approach  can  be  obtained  using  sitniiar  procedures  once  the  limit  in  which  the  observation  point 
approaches  the  surface  has  been  taken  to  extract  the  principal  value  term.  No  extraction  of  a 
singular  portion  of  the  kernel  is  then  necessary,  although  careful  evaluation  of  the  integral  is 
often  required  for  the  nearby  sources  due  to  the  rapid  variation  of  the  kernel. 


UL  PEPM-EFIE  Applied  to  Simple  Conducting  Bodies 
(A)  Narrow  Strips  and  Thin  Wires 

The  PEPM-EFIE  formulation  presented  in  the  previous  section  and  the  RELT-EFIB 
scheme  [1]  have  been  employed  to  solve  electromagnetic  scattering  problems  involving  simple 
conducting  bodies  in  free  space.  The  current  induced  on  a  thin  strip  with  width  W  that  is 
situated  parallel  to  the  z-axis  in  the  x-z  plane  and  is  illuminated  by  a  normally  incident  plane 

wave  is  solved  by  segmenting  the  strip  into  IxN  rectangular  elements.  Although 

the  actual  current  has  the  variation,  it  can  be  shown  tiiat  physical  quantities  such 

as  the  radar  cross  section  and  the  driving  [x>int  impedance  can  accurately  be  computed  assuming 
a  constant  current  across  the  strip  width. 

Extensive  numerical  experiments  on  the  convergence  of  the  solution  for  strip  widths 
ranging  O.OOIX-O.IX  show  that  in  both  schemes,  for  a  fixed  strip  length,  a  larger  number  of 
unknowns  is  generally  required  for  strips  with  smaller  widths.  For  fairly  long  strips,  a 
prohibitively  large  number  of  unknowns  is  required  in  the  PEPM  solution.  As  an  example  for 
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a  0.01Xx4X  strip,  480  unknowns  was  required  in  the  PEPM,  while  80  unknowns  are  enough 
in  the  KELT  to  achieve  about  the  same  percentage  error  in  the  current.  The  preceding 
comments  also  appear  to  hold  true  when  multiple  pulses  are  used  to  model  the  singular  behavior 
of  the  current  on  the  .strip  edge. 

The  thin-wire  problem  can  also  be  solved  by  the  PEPM-EFIE  scheme.  In  this  case  for 
a  straight  wire  radius  a,  the  free-space  Green’s  function  is  replaced  by  the  thin-wire  (reduced) 
kernel 


e-M 

HrR 


R  =  (cF* 


(z-zT 


(14) 


and  the  current  density  is  replaced  by  the  total  current  The  surface  integral  in  (3) 

now  becomes  a  line  integral  and  point  matching  along  the  wire  axis  results  in  expressions 
corresponding  to  (12)  and  (13).  The  previous  observations  on  narrow  strips  also  appear  to  be 
appropriate  for  thin  wires.  Fig.  2  and  Fig.  3  show  the  convergence  of  currents  on  O.lXxO.SX 
strip  and  O.OlXxO.SX  wire,  rcs[x;c lively,  solved  using  the  PEPM  and  RELT  schemes. 

(B)  Rectangular  Plates 

As  one  of  the  fundamental  structures  in  electromagnetics,  rectangular  plates  have  received 
a  fair  amount  of  attention  in  recent  years  [91-[13].  Fig,  4  shows  the  real  and  imaginary  parts 
of  the  z-directed  current  on  IXx  IX  plate  solved  by  the  PEPM  and  RELT  schemes  using  lOx  10 
segments.  Even  though  the  real  part  improves  with  more  segments,  the  solution  obtained  with 
the  PEPM  show.s  significant  error.  The  errors  seem  to  be  more  pronounced  for  small  plates. 

(C)  Closed  Rectangular  Cylinders 

As  an  example  of  a  closed  rectangular  cylinder,  a  0.4Xx0.4Xx0.4X  closed  perfectly 
conducting  cube  is  considered.  The  back  face  of  the  object  is  on  the  x-z  plane  with  the 
coordinate  origin  at  its  center.  F'ig.  5  shows  the  current  on  a  path,  from  the  center  of  the  front 
face  to  the  center  of  the  back  face  along  the  line  of  symmetry,  solved  by  various  schemes.  The 
exciution  is  same  as  before  and  the  path  length  .v  is  normalized.  Again  the  solution  by  the 
PEPM-EFIE  scheme  is  greatly  in  error. 

(D)  An  Empirical  Explanation  for  the  Apparent  Failure  of  the  PEPM-EFIE  .Scheme 

It  is  puzzling  tlial  the  PEPM-EFIE  seems  to  produce  correct  results  only  for  two- 
dimensional  geometries  or  for  slender  thrce-dimci  sional  scailerers.  For  these  two  geometry 
types,  however,  the  cross-polarized  current  component,  which  is  excited  only  by  the  gradient 
of  the  scalar  potential  in  (2),  is  either  non-existent  or  negligible.  The  general  success  of  the 
RELT  scheme  coupled  with  these  results  suggests  that  modeling  the  charge  density  in  terms  of 
impulse  functions  may  be  inappropriate.  (It  should  be  noted  that  the  effects  of  impulse  charges 
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Figure  2.  Convergence  of  the  electric  surface  current  density  induced  on  a 
O.OIXXO.SX  strip. 


must  appear  in  tlie  PEPM  scheme  regardless  of  whether  the  equations  art  derived  using  impulse 
charges  or  not.)  To  check  if  a  continuous  distribution  of  curren'  and  a  pulse-function 
approximation  to  the  distribution  generate  the  same  field  as  the  numi  .  of  pulses  used  in  the 
approximation  increases,  we  first  computed  the  field  due  to  a  z-directed  rooftop  current  on  a 
rectangular  element  on  one  of  the  corners  of  the  IXxlX  plate,  and  tlie  field  due  to  the  same 
current  approximated  by  14  pulses  along  the  direction  of  current  flow.  Fig.  6  shows  the 
difference  between  two  fields.  It  should  be  noted  that  arises  cntiicly  due  to  the  term, 
since  A^=Q  for  a  z-dirccted  current.  One  can  easily  see  that  the  field  component  perpendicular 
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0.5 


Ingurc  3.  Coiivcrficncc  of  tlic  current  induced  on  a  0.5X  long  wire  of  radius 
O.OIX. 


to  the  current  flow  generated  by  the  pulse-approximated  current  differs  from  that  produced  by 
the  original  continuous  current  and  that  the  discrepancy  is  due  to  the  impulse  approximation  to 
the  charge  density.  Tor  the  field  ccmijoneal  parallel  to  the  current  flow,  the  pulse  approximation 
of  the  current  does  not  seem  to  cause  a  problem,  which  may  be  a  clue  to  the  success  of  the 
PUPM  scheme  for  slender  objects  and  in  two-dimensional  scattering  problems. 
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Figure  5.  Comparison  of  solutions  obtained  by  various  approaches  for  the  current 
induced  on  a  0.4X  wide  coHe, 


IV.  Siuuiuary 

The  use  of  a  pulse  expansion  and  point  matching  (PEPM)  scheme  in  the  electric  field 
integral  equation  (EFIE)  solution  of  three-dimensional,  time-harmonic  electromagnetic  boundary- 
value  problems  has  been  studied.  Trobleins  of  electromagnetic  scattering  by  a  few  simple 
conducting  bodies  in  ftee  space  have  b‘.s:n  considered  and  solutions  obtained  using  the  PEPM- 
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Figure  fi.  Plot  of  the  difference  between  the  field  due  to  a  rooftop  current  and  that 
of  the  multiple-pulse-approxiinated  rooftop  current. 


HFIE  scheme  have  bixn  compared  with  those  obtained  using  rooftop  expansion  functions  and 
a  line  testing  procedure.  The  results  indicate  that  the  PEPM-EFIE  scheme  may  not  produce 
correct  results  for  general  three-dimensional  geometries.  An  empirical  explanation  for  the 
apparent  failure  of  the  PEPM-EFIE  approach  to  EM  scattering  by  ^ilrarily  shaped  scatterers 
has  been  suggested  by  studying  the  near  field  of  a  known  pulse-approximated  current. 
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Recursive  Algorithms  to  Reduce  the  Computational  Complexity 
of  Scattering  Problems 

W,  C.  Chew,  Y.  M.  Wanq,  L.  Gurel,  and  J.  H.  Lin* 

Abstract 

It  has  been  demunstraled  recently  that  a  recursive  algorithiri  can  reduce  the  computa¬ 
tional  complexity  (of  the  full  scattering  solution  of  a  scattering  problem  in  two  dimensions) 
to  (7(A'^^[5-10]  This  is  faster  than  the  conjugate  gradient  method  applied  to  the  method  of 
inonieiits,  and  yet  provides  a  scattering  solution  valid  for  ail  angles  of  incidence. 

In  this  approach,  a  scaiterer  is  divided  into  N  subscatterers,  and  a  recursive  algorithm 
is  used  to  construct  the  u  n'  subscatlerer  solution  front  the  n  subscatterer  solution.  Ad¬ 
dition  theorem  is  used  “o  translate  the  field  among  the  different  coordinate  systems  of  the 
subscatterers. 

The  algorithm  has  been  applied  to  calculate  scattering  front  a  lOA  diameter  object. 
Sucli  an  object  requires  about  12,000  unknowns  to  model,  but  it  takes  only  about  30  secs  on 
a  CRAY-2  to  solve  with  the  fast  recursive  algorithm.  It  is  estimated  that  it  will  Lake  about 
20  hours  on  the  CRAY-2  to  solve  a  similar  problem  with  the  method  of  montettts. 

We  have  also  applied  the  algorithm  to  solve  for  scattering  solutions  from  an  array  of 
metallic  strips,  and  impenetrable  scatterers  'file  solutions  obtained  are  found  to  either  agree 
well  with  closed  form  solutions,  or  solutions  from  the  method  of  moments. 

1.  Introduction 

A  problem  facing  computational  electromagnetics  is  the  coiirputational 
complexity  of  numerical  mctliods  used  to  solve  for  the  scattering  solution 
of  a  large  inhomogeneous  scattercr.  Tire  conventional  method  of  moments 
requires  a  matrix  inversion,  and  hence  is  of  O(N^)  complexity  where  N  is 
tire  munber  of  unknowns  modeling  tire  scattcrer  (!].  The  conjugate  gradient 
mctliod  ran  be  used  to  reduce  the  computational  complexity  yielding  an  itera¬ 
tive  algorillun  witli  complexity  0{N^P)  where  P  is  the  number  of  steps  in  the 
iteration.  However,  tlic  number  of  steps  P  required  depends  on  tlic  condition 
number  of  tin;  matrix  equation.  For  ill  conditioned  matrices,  the  method 
may  not  converge  at  all  [2].  Fast  Fourier  trau.sfonn  method  has  also  been 
used  to  exploit  tltc  convolutional  nature  of  the  scattering  integral  equation 
yielding  a  conjugate-gradient  type  algoritlnn  with  complexity  0{PN  logj  N) 
[2,4j.  However,  conjugate  gradient  metliods  i>rovidc  a  solution  for  onl)  one 
incident  wave  only  at  a  time.  Tlie  algorithm  has  to  be  restarted  for  each  new 
incitlcnt  wave. 

Recently,  we  liavc  developed  a  fast  recursive  algorithm  using  translation 
formulas  [5-10].  Tlic  computational  complexity  of  the  fastest  of  sucli  an  al- 

This  work  is  support,  d  liy  National  Science  Foundation  under  grant  NSF  F,CS'85- 
25891,  Oltice  of  Naval  Research  under  grairt  N000-M-89-J 1286.  Computer  time  is  partly 
provided  by  the  National  Center  for  Supercomputer  Applications  at  the  University  of 
llinois. 

*  Flcclroinagnctics  Laboratory,  Department  of  Electrical  and  Computer  Engineering,  Uni¬ 
versity  of  Illinois,  Urbana,  IL  0180. 
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gorithm  is  0{N^)  where  N  is  the  number  of  unknowns  used  to  model  the 
problem.  A  program  has  been  developed  using  this  fast  algorithm.  Compar¬ 
ison  with  the  method  of  moments  .shows  that  the  fast  algorithm  is  a  lot  more 
efficient.  Moreover,  the  memory  requirement  of  this  algorithm  is  minimal. 
More  importsmtly,  this  algorithm  solves  a  lOA  x  lOA  scattcrer  with  12,000 
unknowns  in  about  30  seconds  on  a  CRAY-2.  This  time  is  much  faster  than 
that  of  solving  a  matrix  equation  with  a  similar  number  of  unknowns.  As 
opposed  to  the  conjugate  gradient  method,  the  fast  algorithm  provides  a  full 
solution  valid  for  an  incident  wave  at  all  angles  of  incidence.  We  have  also 
applied  the  algorithi.  • solve  for  scattering  solutions  from  an  array  of  metal¬ 
lic  strips,  and  impenetiable  scatterers.  The  solutions  obtained  are  found  to 
either  agree  well  with  closed  form  solutions,  or  solutions  from  the  method  of 
moments. 

2.  The  Recursive  Algorithm 

In  the  fast  recursive  algorithm  previously  presented[b-10],  an  inhomoge¬ 
neous  scalterer  is  first  divided  into  N  Hubscatterers.  The  scattering  solu¬ 
tion  from  these  N  subscatterers  io  sought  recursively  so  that  the  (n  1)- 
subscatterer  solution  is  obtained  from  the  n-subscatterer  solutioji.  The  scat¬ 
tering  by  the  subscatterers  are  expresse^in  terms  of  a  transition  matrix  or 
T  matrix,  furthermore,  an  aggregate  T  matrix  is  defined  for  the  u  sub- 
scattcrers.  Hence  when  the  (n-f  l)-th  subscattercr  is  added,  only  a  two-body 
scattering  problem  need  be  considered.  When  the  scattering  solution  is  found 
for  (n  +  lj  aubscattcrero,  then  an  aggregate  T  matrix  is  defined  for  these  scat¬ 
terers.  This  procedure  is  repeated  until  all  the  N  subscatterers  are  exhausted. 

The  previous  algorithm  works  excellently  for  E,  polarized  waves  incident 
on  an  inhomogeneous  cylinder.  But  for  H,  polarized  waves,  the  previously 
described  rdgorithm  is  found  not  to  work  well  because  of  the  infraction  of  the 
addition  theorem.  As  a  generalization,  Instead  of  adding  one  subscattercr 
at  each  recursion,  n’  subscatterers  could  be  added  at  eEu:h  recursion  when 
these  n'  subscatterers  ore  equidistant  from  the  origin  (see  Figure  1).  By 
doing  this,  the  infraction  of  the  addition  theorem  could  be  avoided,  and  the 
resulting  algorithm  is  found  to  work  well  even  for  H,  polarized  waves.  This 
generalized  algorithm  is  described  as  follows. 

Given  n  subscatterers,  the  total  field  could  be  written  a-s  (using  the  no¬ 
tation  of  references  5  to  10) 

<^(r)  =3?9V’'(*;o,ro)  •a-l-^'(fco,ro)  •T(n)  •  (1) 

When  n'  subscattei ors  are  added  lo  the  previous  n  cluster,  the  total  field 
could  be  written  as 

<l>{r)  =  »9V’'(^’o,ro)  •  a  -b  •  rn(„+„')  ■  a 

n+n' 

I 
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where  r„(„+ni)  is  the  aggregate  T  matrix  for  n  subscatterer^ia  the  presence 
of  n  +  n'  subscatterers,  and  is  the  (n  +  n')-scatterer  T  matrix  for  the 

i-th  subscatterer.  The  above  c^atitutes  a  »t'  +  1  unknown  problem  where 
the  unknowns  are  rn(n4.n')  and  i  =  n  +  1,  ■  •  ■  , n  +  n',  These  n'  +  1 

unknowns  could  be  found  as  follows  using  the  solution  (1).  Fir!it,  we  ex¬ 
press  the  field  from  the  n'  subscatterers  as  incident  field  on  the  aggregated  n 
subscatterers  so  that 


(r)  =  ^grl)*(ko,ro)  ■  a  +  SRjifr' (fco.ro) '  ‘  “ 

i=n+l 

+  V’‘(^o,  ro)  •  (3) 


Prom  Equation  (1),  we  must  have 


^n(n+n')  —  ^(n)  ‘  I 


E 

i-rk+l 


‘  Ti(n+r.')  *  A 


(4) 


Next,  we  focus  at  the  i-th  subscatterer  of  the  n'  subscatterers  and  express 
the  fields  from  all  the  other  subscatterers  as  incident  fields  on  the  j-th  sub¬ 
scatterer.  By  so  doing,  we  have 

fli(r)  -  ^gtl)‘{ko,  ro)  ■  ■  a  +  r,)  ■  a,o  ■  r„(„+n')  ■  a 

H-  %tfc‘(fco,  Tj)  •  •  a 

W  _  _ 

+  V''(fco,ri)-T,(„x„-)-/3,»-a,  (5) 

whore  the  summation  for  i  yi  j  is  for  i  =  n  -I- 1,  •  •  • ,  n  -b  n',  for  i  /  j .  The 
scattered  field  off  the  j-th  subscatterer  must  be  related  to  the  incident  field 
via  the  isolated  scatterer  T  matrix  for  the  y-th  subscatterer.  Consequently, 
we  have 


2  j(n+n')  ‘  P^o  “  ^j(l)  '  d"  ®;o  '  ‘r'n(.i+iiq  4'  <*ji  *  'rn{f.+i.'J  *  'Pi^  . 

i  =  n4-l,-”  ,n4  n'.  (6) 

Equation  (4)  can  be  used  to  substitute  for  in  (6)  to  yield 


Tj(ri+n')  *  Pjo  ^j{l)  ' 


n+w' 


*  '^{»*)  '  I  ^  "i"  ^  ^oi  '  ^i(n+n')  ’  /^ic 


®  ji  *  ^i(n+n')  '  f^ia 


,  j  =  n  +  l,  -  -  ,n-|-n'.  (7) 
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The  above  eould  be  rearranged  to  yield 

i*i 

i  =  n  +  !,•  ■  •  ,n  +  n',  (8) 

wliere  Dj  [/  —  Tn\)  ■  «jo  ■  T(„)  ■  a^j].  The  above  constitutes  n'  equations 
for  the  n'  uuknows  T.-jn+n')  •  /3,„.  It  can  be  written  more  succinctly  as 


n+n' 

Aj.  -TiCn+nq-Ao  = -7’j(i)'(/5,o  +  “jo'^(ti)],  j  =  n  +  1,  ■  •  •  ,n  +  n',  (9) 

isn-f  1 


where 


/  ~ 

1  ^i(>)  ■  ■  ^(n)  ‘  ®<>'  ^>(1)  ■  j- 


(Pa) 


After  hating  solved  (0)  for  •  13, (4)  could  be  used  to  find  Tn(n+ii')- 

Alternatively,  (4)  could  be  written  as 


n+n' 

‘rn(n+n')  ^(h)  ^  ^(»)  ’  ’  ^i(n+n')  '  f^io 

I'sn+l 


for  more  efficient  computation. 

When  all  the  unknows  in  the  n  H-  n'  subscat terer  problem  is  solved,  then 
an  aggregate  T  matrix  for  n  +  n'  subscatterers  can  be  defined  as 

n+n' 

I^Cn+n')  —  "^nCn+n')  +  ^  ^  ^oi  *  ^*(n+n')  *  ^io'  (^2) 

i»n+l 

Consequently,  (11)  could  be  substituted  into  (12)  to  yield 

n+n^ 

■^(n+n')  =  ^(n)  +  ^  ^  {^oi  '^(n)  '  ®oi)  '  -fi^n+n')  ‘  (13) 

•tsn+l 

Equations  (9)  and  (13)  permit  us  to  find  the  (n+n')-3ub8catterer  solution 
from  the  n-subscattcrer  solution.  These  equations  could  be  used  recursively 
to  find  the  N  subscatterer  solution  from  a  0  subscatterer  solution.  The  com¬ 
putational  complexity  of  the  above  algorithm  could  be  analyzed,  and  it  is 
found  t’-  t  the  computer  time  will  grow  as  in  two-dimensions,  and  as 
in  three  dimensions.  Whun  n'  =  1  in  the  preceding  algorithm,  the 
above  algorithm  reduces  to  reduces  to  the  algorithm  described  in  [8,9j*. 

*  The  computational  complexity  for  three  dimensional  problem  given  in  [9]  is  incorrect. 

It  should  also  bj 
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3.  Numerical  Simulation 

A  computer  program  has  been  developed  using  this  recursive  algorithm 
for  computing  the  wave  scattering  solution  of  a  large  inhomogeneous  object 
in  two  dimensions  for  both  E,  and  H,  polarized  waves.  This  method  gives 
the  same  solution  as  the  method  of  moments  for  small  scatterers  of  one  or  two 
wavelength  in  size.  Hence,  we  have  used  the  method  of  moments  to  validate 
the  code  for  a  general  inhomogeneous  scattercr.  But  for  large  scatterers,  the 
method  of  moments  is  extremely  inefficient  due  to  its  complexity. 

Tlie  code  has  been  used  to  calculate  the  scattering  solution  from  a  large 
cylinder  which  is  about  lOA  x  lOA,  and  comprising  about  12,000  unknowns. 
Since  the  method  of  moments  is  extremely  iucillcieut  in  this  regime,  we  can 
only  validate  our  solution  by  comparing  it  with  the  closed  form  solution  of  a 
circular,  homogeneous  cylinder,  whicli  is  solvable  by  harmonic  expansions. 

In  Figure  2(a),  we  show  the  comparison  of  the  amplitude  of  the  solution 
of  scattering  by  an  E,  polarized  wave  using  the  recursive  algorithm  and  the 
closed  form  solution.  In  this  case,  n'  need  only  be  1.  As  caii  be  seen,  the 
agreement  is  excellent. 

In  Figure  2(b),  we  show  the  comparison  of  the  phase  of  the  solution  by 
recursive  algorithm  versus  the  closed  form  solution.  We  observe  excellent 
agreements  except  for  some  angles  of  observation.  However,  for  sucli  a  wave¬ 
length,  note  that  if  the  diameter  of  the  object  is  cluuigcd  by  0.5%,  a  phase 
error  of  about  9°  is  possible,  and  hence,  the  phase  solution  is  very  sensitive 
to  the  .size  of  the  object. 

In  order  to  use  the  recursive  algorithm,  the  subscatterers  have  to  be  or¬ 
dered  so  that  they  are  of  increasing  distance  from  the  origin  [7,8,9].  Wc  have 
used  the  heapsort  algorithm  [11,12]  to  order  the  subscatterers  with  computer 
time  proportional  to  JVlogg  N.  If  a  naive  sorting  algorithm  of  0{N’^)  com 
plexity  is  used,  the  sorting  time  could  constitute  as  much  as  40%  of  the  total 
computer  time. 

On  a  CRAY-2  supercomputer,  the  12,000  unknown  problem  is  solved 
in  about  30  seconds.  In  this  simulation,  we  pick  M  =  1,  and  P  =  30.  The 
reason  we  have  chosen  Af  =  1  is  because  only  the  monopole  term  is  important 
for  the  scattering  from  e{u;h  subiicatterer.  Though  the  CIlAY-2  has  a  peak 
performance  of  about  1.7  GFLOPS,  this  peak  is  in  genera!  not  attainable 
for  practical  applications.  For  instance,  for  a  simple  fully  vectorizable  “DO” 
loop,  the  throughput  of  the  CRAY-2  is  about  100  MFLOPS  unless  special 
progranuning  technique  is  used  [13].  In  general,  the  throughput  is  about  20 
to  40  MFLOPS.  Assuming  a  30  MFLOPS  throughput,  and  that  it  takes  N^/3 
floating  operations  to  invert  an  IV  x  IV  matrix,  and  multiplying  by  a  factor  of 
4  for  complex  floating  point  operations,  we  estimate  that  it  will  take  about 
20  hours  to  solve  this  problem  by  the  method  of  moments.  Figure  3  shows 
the  comparison  of  the  computer  time  of  this  method  versus  the  number  of 
unkowns  on  a  CRAY-2  supercomputer.  The  12,000'unknciwn  point  for  the 
method  of  moments  is  extrapolated  since  it  is  too  expensive  to  solve  this 
problem  by  such  a  method. 
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Ill  this  program,  the  isolated  scattcrer  T  matrix  and  the  translation  for¬ 
mulas  are  calculated  as  they  are  needed.  Hence,  the  dominant  part  of  the 
memory  is  used  to  store  the  grid  which  is  proportional  to  the  numbei  of  un¬ 
knowns  fV,  whereas  a  matrix  method  like  MOM  would  have  required  storage 
proportional  to  N'‘. 

Table  I  shows  the  breakdown  of  the  computer  time  spent  in  various  parts 
of  the  comjiuter  program.  It  is  seen  that  about  16%  of  the  time  is  spent  in 
reading  in  the  input  for  the  program.  This  could  be  sped  up  by  using  binsuy 
data  files  for  instance.  Note  that  the  memory  used  is  about  0.385  MWord. 
A  full  matrix  method  as  in  the  method  of  moments  would  have  needed  290 
MWords  of  memory. 

In  Figures  4(a)  and  4(b),  wc  show  the  comparison  of  the  solution  of  scat¬ 
tering  of  Hr  pohui'zed  waves  by  a  circular  dielectric  cylinder  using  the  recur¬ 
sive  algorithm  using  mcthorl  of  moments,  recursive  algorithm,  and  analytic 
solution.  As  can  bo  seen,  the  agreement  between  the  method  of  moments 
and  recursive  algorithm  is  excellent  while  there  is  a  small  discrepancy  with 
the  analytic  solution.  The  discrepancies  come  from  imperfect  modeling  as 
the  circular  cylinder  is  divided  into  subscattcrers  which  arc  squares.  The 
resulting  cylinder  docs  not  have  the  same  surface  area  as  the  circular  cylin¬ 
der,  even  though  they  have  the  same  cross  sectional  area.  Since  in  the  H, 
polarized  wave,  the  electric  field  i>olarizes  surface  cliaigcs  on  the  surface  of 
the  cylinder,  the  discrepant  surface  area  could  give  rise  to  the  small  error. 

In  Figures  C(a)  and  5(b),  we  show  the  RCS  of  metallic  strips  for  the  E, 
and  H,  polarized  waves  rcairectivcly  using  suclr  a  recursive  algorithm.  The 
T  matrices  of  the  individual  strips  arc  found  using  the  method  of  monreirts. 

In  Figures  0(a)  and  6(b),  we  show  the  comparison  of  the  scattering  from 
on  impenetrable  nrclallic  scattcrer  for  the  B,  polarized  wave  using  the  re¬ 
cursive  algorithm.  The  metallic  wall  is  modeled  as  r-dirccted  wires  tightly 
packed  together.  The  ca.se  compared  in  a  circular  metallic  cylinder  where 
closed  form  solution  exists. 

IV.  Conclusions 

An  efficient  method  for  solving  for  the  solution  of  wave  scattering  from 
a  large  scattcrer  has  been  developed.  This  method  uses  a  inininuil  of  com¬ 
puter  memory,  and  is  a  lot  more  efficient  than  a  full  integral  equation  solver. 
Moreover,  it  provides  a  full  scattering  solution  valid  for  all  angles  of  incident. 
This  method  has  been  used  to  solve  a  lOA  X  lOA  problem  with  about  12,000 
unknowns,  in  about  30  seconds  or.  a  CRAY-2  supercomputer  with  a  typical 
throughput  of  about  30  MFLOPS.  We  have  also  applied  the  algorithm  to  H, 
polarized  waves  showing  excellent  agreement  with  the  method  of  moments. 
The  algorithm  could  also  be  applied  to  scattering  by  an  array  of  metallic 
strips,  or  im])enctrable  scattereis. 

The  method  is  faster  than  the  method  of  moments  applied  to  solving 
integral  equations,  and  unlike  the  finite  dement  method,  it  provides  a  solution 
that  naturally  satisfies  the  radiation  condition  at  infinity.  Moreover,  the 
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siibscatti^rors  need  not  have  to  bo  close  together;  it  works  both  for  densely 

packed  as  well  as  sparsely  packed  snbscatterei-s. 
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Table  I.  Breakdown  of  the  CPU  time  si)cnt  for  the  12,000  unknown  problem  using 
the  fast  recursive  algorithm. 


Percentage  of 
The  Total  CPU 

CPU  Time 
(serotid) 

Times 

Be«ii  Called 

Recursive  Part 

44.928 

14.327 

1 

Tran.slatioii  Matrices 

19.928 

6.355 

11,905 

Input  Data 

16.176 

5.158 

1 

Bessel  Functions 

16.013 

5.101) 

35,862 

T,n)  Matrices 

2.062 

0.657 

11,905 

Sorlinx 

0.006 

0.193 

1 

Main  Proxrain 

0.287 

0.092 

1 

Toiil  CPU  =  31.888  sftcoml 
Total  Memory  =  0  385  .MWoed 
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n+2 


Figure  1.  In  the  iccurtiive  algoritliia,  n-subscattcrers  solution  is  used  to  iiud  the 
ti  +  7»'-subscatterer  solution,  where  n'  is  the  number  of  subsciitterers 
equidistant  from  the  origin.  In  this  figure,  n'  =  5. 
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MagnKuda  of  the  ScatterMi  Field 


(«) 


Phase  of  the  Scattered  Field 


(b) 


Figure  2.  A  lOA  diameter  dielectric  cylinder  is  solved  with  this  recursive  algorithm 
for  an  E,  polarized  incident  plane  wave.  In  (a),  a  comparison  of  the  field 
amplitude  of  the  scattered  field  is  made  with  analytic  solution.  In  (b)  a 
comparison  is  mode  of  the  phase.  The  dielectric  cylinder  is  2.6  meters  in 
diameter  with  a  relative  permittivity  of  4.  The  incident  field  is  from  0° 
with  a  frequency  of  300  MHz.  The  fields  are  measured  60  meters  from 
the  center  of  the  cylinder. 
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Figure  3.  ConipariHon  of  the  computer  time  as  a  function  of  tlic  number  of  un¬ 
knowns  for  the  method  of  moments  (oi)en  circles)  and  fast  recursive  al¬ 
gorithm  (solid  circles).  At  12,000  unknowns,  the  method  of  moments  is 
estimated  to  take  20  hours  of  CRAY-2  CPU  time  while  the  fast  recursive- 
algorithiu  takes  only  about  30  seconds  of  CRAY-2  CPU  time. 
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Figure  4.  Scatteiiog  of  H,  polarized  incident  plane  wave  uaiug  the  fast  recursive 
algorithm,  the  method  of  moments,  and  analytic  solution,  (a)  compares 
the  amplitude  while  (b)  compares  the  phase.  The  frequency  of  the  in¬ 
cident  wave  is  600  MHz.  The  dielectric  cylinder  has  a  diameter  of  0.4 
meter*  with  a  relative  permittivity  of  2.  The  field  is  measured  at  1  meter 
fiom  the  center  of  the  cylinder. 
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figure  5.  Comptuison  of  the  RCS  of  an  array  of  atripa  computed  using  the  gener¬ 
alized  recursive  algorithm  (solid  dots),  method  of  moments  (solid  lines) 
and  the  recursive  algorithm  presented  in  references  7  (dotted  lines),  (a) 
is  for  E,  polarized  wave  while  (b)  is  for  H,  polarized  wave.  The  error  of 
using  the  old  algorithm  is  larger  for  H,  polarized  wave. 
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Figiuo  G.  Comparison  of  the  scattered  field  from  a  circular  metallic  cylinder  using 
the  recursive  algorithm  and  the  closed  form  solution,  (a)  is  the  case  for 
the  scattered  field  amplitude  while  (b)  is  the  case  for  the  scattered  field 
])hasc. 
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Numerical  Solution  of  the  EFIE  Using  Arbitrarily- 
Shaped  Quadrangular  and  Triangular  Elements 


T.  Mader,  H.  Singer 
Technical  University  Hamburg-Harburg 
Hamburg,  Germany 


Abstract 

For  the  numerical  solution  of  the  EFIE  by  the  method  of  moments  plane  triangular 
patches  are  widely  used  because  every  three-dimensional  structure  can  be  approximated 
by  plane  triangles.  In  most  cases  the  more  convenient  way  of  surface  discretization  is 
to  compose  the  considered  structure  of  quadrangular  patches.  If  only  basis  function 
formulae  for  triangles  are  available,  the  quadrangles  must  be  .subdivided  into  triangles. 
Then  the  total  number  of  elements  increases  and  also  the  number  of  unknown 
currents.  In  general  this  splitting  into  triangles  can  be  avoided  only  if  nonplanar 
quadrangular  patches  of  arbitrary  .shape  are  applied. 

The  goal  of  the  paper  is  to  present  current  basis  functions  suited  for  arbitrarily-shaped 
nonplanar  quadrangular  patches  in  parametnc  form.  These  basis  functions  can  be 
combined  with  the  commonly-u.sed  basis  function  [5]  for  plane  triangles.  Furthermore, 
it  is  shown  how  to  extend  the  basis  functions  for  plane  triangles  to  any  curved 
triangles  given  in  a  paiametric  formulation.  Finally  it  is  demonstrated  that  the 
developed  basis  functions  can  be  used  to  perform  the  connection  between  wire-grid 
segments  and  surface  patches. 


Introduction 

With  the  ever  increasing  computer  power  the  application  of  the  method  of  moments 
in  electromagnetic  field  prediction  became  possible  not  only  for  thin-wire  arrange¬ 
ments,  but  also  for  the  treatment  of  arbitrarily-shaped  three-dimensional  bodies.  At  the 
beginning  of  the  development  the  MFIE  was  used  to  handle  thick-body  problems,  and 
f^or  thin-wire  structures  the  EFIE  \2\  was  prefered.  The  combination  between  thin- 
wire  structures  and  thick-body  structures  became  possible  with  the  introduction  of  a 
special  basis  function  valid  for  the  connection  area  [1]. 

The  disadvantage  concerning  the  MFIE  is  that  it  is  only  valid  for  closed  bodies.  In 
order  to  treat  thin-shelled,  open  structures  the  researchers  tried  to  apply  the  EFIE  to 
this  problem.  Difficulties  were  arising,  because  the  EF’IE  contains  not  only  the 
unknown  surface  current  itself,  but  also  its  first  derivation.  Therefore  it  is  not  sufficient 
to  assume  a  uniform  current  distribution  over  a  surface  patch,  as  it  is  possible  in  the 
MFIE  solution. 

Special  linear  basis  functions  for  plane  rectangles,  the  so-called  roof-top  functions, 
were  introduced  by  Glisson  jS).  The  resulting  chai^ge  distribution  is  uniform  over  the 
whole  surface  patch,  and  it  is  assured  that  no  point  or  line  charges  can  occur.  The 
important  feature  of  this  basis  function  is  that  it  contains  the  possibility  of  zero  surface 
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charge  on  the  whole  patch.  This  is  necessary  in  the  low  frequency  range,  because  there 
the  current  distribution  must  be  soienoidal. 

For  the  calculation  of  arbitrarily-shaped  metallic  bodies  Rao  [5]  has  devised  a  current 
basis  function  suited  to  plane  triangular  patches.  Similar  to  the  functions  of  Glisson 
[3],  the  current  distribution  is  linear  and  the  resulting  charge  is  uniform  all  over  the 
patch.  But  because  of  the  reasons  mentioned  above,  it  is  useful  to  have  a  further  basis 
Kmction  valid  for  arbitrarily-shaped  quadrangles.  In  the  following  it  will  be  shown  in 
which  way  the  fimetions  of  Glisson  and  Rao  can  be  enhairced  so  that  they  match  to 
nonplanar,  arbitrarily-shaped  quadrangles  or  triangles. 


A  Short  Review  of  the  Basic  Equations 

For  a  better  understanding  of  the  paper  at  first  a  very  short  summary  of  the  basic 
principles  will  be  given.  The  EFIE,  as  it  is  applied  here,  has  the  following  form; 


Es= 


/  1#T 


R 


1  —  />.jkK 

— - div  I  grad  — ^ 

4n(ae  “  R 


dS 


(1) 


S  =  surface  of  the  conducting  bodies  (including  win-.), 
X  =  surface  cnirrent  or  wire  current,  respectively, 

R  =  distance  between  the  field  and  the  source  points. 


Eq.  (1)  represents  the  electric  field  produced  by  the  currents  induced  on  the  stiucturc. 
The  total  field  is  given  by  ttie  addition  of  the  incident  field  and  the  scattered  field 
given  in  (1).  For  perfect  conducting  bodies,  the  tangential  component  of  the  total 
electric  field  must  be  zero  all  over  the  body.  Tills  condition  is  eniorced  here  by  using 
Galerkin’s  method  with  razor-blade  functions  as  weighting  functions.  Tliis  results  in  tlio 
following  equation  for  one  matching  section: 

/E.dr  =  /E,„cdr  =  Ui„,  (2) 

s  s 

with  E,  due  to  Eq.  (1).  Tlic  numerical  evaluation  of  (2)  leads  to 

•  0.5  .  (  sj  -  s,  )  -T.  1  G  (R,)  +  G  (  K,)  1 
S  j 

■^4^  ■  ‘livT-  iG(Rj)  -  G(R,)1  )  dS  (3) 


e-JkR 

with  G  (  R )  =  . 

The  meaning  of  the  indices  is  indicated  in  Fig.  1. 


2S3 


/ 1 

Fig.  1:  Geometry  ajncerning  eq.  (3) 


As  it  can  be  seen  in  cq.  (3),  the  line  integral  (2)  of  the  first  part  of  (1)  is  calculated 
by  means  of  a  2-point  trapezoidal  rule,  whereas  for  the  second  part,  the  integral  is 
^iven  exactly  because  of  the  grad  operator.  The  fact  that  the  second  part  can  be 
integrated  exactly  is  very  important  in  the  low  frequency  case,  because  this  part  is 
weighted  by  the  factor  1/u  and  so  gets  very  high  values.  But  forming  the  line  integral 
(2)  around  a  rinsed  path,  that  means  to  add  certain  equations  in  the  eventually 
resulting  equation  cystem,  the  integral  over  the  second  part  of  (1)  drops  completely. 
Such  an  integration  path  is  indicated  in  Fig.  2. 


Fig.  2:  Integration  around  a  node  of  the  structure 


The  addition  ot  eq.  (3)  for  a  path  due  to  Fig.  2  leads  to  tlie  following  equation  for 
the  nodes  i  =  l,  ...  4: 

4  f  -jcju 

Ui„a  -  1  J  ■  (  V.-?i)  -  I-  I  G(Rh,)  +  G  (R,)  ]  dS  ; 

S 

Gi„j  =  Y.  ^inc.l  • 
i-1 

Regarding  eq.  (4^  more  closely  one  can  conclude  that  (4>  means  the  line  integral  ot 
the  vector  potential  around  a  closed  patli,  and  thus  eq.  (4)  represents  also  the  surface 
integral  of  the  magnetic  induction,  and  so  we  have  the  law  of  induction  due  to 
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with 


(5) 


^iikj  '  j«  •  /  A  ds  =  j«  •  /  B  dS 

‘  s 


B  =  curl  (A)  . 


F.q.  (4)  proves  directly  that  the  EFIE  (1)  contains  the.  stationary  case,  but  in  this  case 
the  current  must  be  solenoidal.  Therefore  it  is  necessary  that  the  choosen  basis 
functions  allow  a  resulting  current  distribution  witliout  sources.  Eq.  (4)  together  with 
tire  basis  functions  described  in  the  following  section  and  the  condit'on  div(I)  =  0  can 
be  used  for  the  calculation  of  stationary  eddy  currents. 


Current  Basis  Functions  for  Quadrangles 

The  current  basis  function  that  will  be  developed  in  this  section  shall  be  valid  for 
every  arbitrary  quadrangle  given  in  a  parametric  form  according  to 

v“  v(i),?)  .  (6) 

With  such  a  paranretric  transfonnation  any  quadrangle  given  in  the  x,v,z  coordinate 
system  can  be  converted  into  a  rectangle  in  the  dA  system.  Because  of  the  high 
regularity  of  the  obtained  patch  it  is  now  easy  to  define  a  basis  function.  The  position 
of  the  quadrangle  in  the  Tj.ti  sy.stcni  and  the  choosen  basis  function  are  depicted  in 
Fig.  3. 


Fig.  3:  Roof-top  basis  function  in  the  vA  ^stem 


The  essential  step  in  the  development  of  a  current  basis  function  is  now  to  find  a 
suitable  transformation  of  the  current  vectors  into  the  three-dimensional  x,y,z 
coordinate  system.  After  this  task  has  been  done,  one  finds  for  the  left  part  of  the 
roof-top  according  to  Fig.  3: 


I  ^rj 


X  a( 


'  h’  lo 


with  the  metric  coefficients 

-  - 

a„  -  -  and  a^ 


av 

3« 


(7) 
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The  reason  for  the  vector  product  in  (6)  becomes  quite  clear  by  forming  the 
divergence  of  the  current.  The  divergence  operator  for  general,  non  rectangular 
coormnato  is  given  by  [6j 

tiiv  7  ■  ( I  3r»  '*  l-fnCu.^)  )  +  |:  ( I  a-/,  X  |  )  1 

1  ayj  X  I  ' 


with  r  ■=  fn(T!,4)'  a„  +  f4(ri,4)-  .  (8) 

Eq.  <8)  applied  to  eq.  (7)  leads  to 
lo 

div  I  “  ~rz - (^) 

1  a„  X  a^  1 

The  resulting  current  distribution  on  any  patch  is  described  by  the  superposiuon  of  4 
basis  functions  similar  to  eq.  (7).  Each  of  these  4  functions  is  associated  with  one 
edge  of  &e  quadn^le,  and  their  charge  distribution  is  given  by  eq.  (9)  with  4 
diRerent  factors  Iq.  Inus  the  charge  distribution  is  chaiacterizcd  by  the  addition  of 
these  4  factors,  and  in  the  stationary  case  the  sum  of  these  factors  tends  to  0. 

To  assure  that  the  current  causes  no  line  charp  along  the  connection  edge  between 
two  quudrangler^  it  is  necessary  to  investigate  the  normal  component  along  this  edge. 
According  to  Fig.  4,  for  tire  normal  component  of  the  current  the  following  formula 
can  be  derived: 


Fig.  4:  Calculation  of  the  normal  component  of  the  current  along  the  connection  edge 
of  two  quadrangles 


I  a„  X  1 


(10) 


Because  depends  only  on  parameters  associated  with  the  common  edge  it  is 
obvious  that  the  transition  of  the  normal  component  is  continuous  along  this  edge. 


In  this  paper,  quadrangle  patches  are  characterized  by  the  following  equations: 
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FiK-  5:  Geometiy  of  a  quadrangular  patch 


As  can  be  seen  from  cq.  (13),  a|  is  constant  fur  iq*>1.  Tlus  means  that  according  to 
eq.  (10)  the  normal  component  of  the  surface  cutrent  along  the  connection  edge  is 
constant  Therefore  the  current  function  (7)  together  with  the  function  (11)  for  the 
quadrangles  can  be  combined  directly  with  the  triangle  basis  function  suggested  by 
Rao  (5|,  The  legs  of  the  quadrangles  arc  straight  lines,  as  can  easily  be  seen  from  eq. 


Current  Basis  Functions  for  Triangles 

In  order  to  complete  the  subject  described  in  the  preceding  section  it  sliould  be 
mentioned  that  Rao’s  triangle  basis  function  can  also  be  expressed  in  a  parametric 
formulation,  llie  result  is  given  by 

—  ^0  _ 

I  -  — - -  (  a,,  •  jj  +  •  S)  .  (14) 

|a^  X  a^  1 

The  position  of  the  triangle  in  the  coordinate  system  is  indicated  in  Fig.  6.  An 
obvious  advantage  of  ra.  (14)  is  that  it  is  valid  for  arbitrarily-shaped  trianjpes,  that 
means  there  is  no  restriction  to  plane  elements. 


Coiuiection  between  Wire  Segments  and  Surface  Elements 

To  investigate  practical  problems  with  the  help  of  a  moment-method  code  it  is  often 
necessary  to  consider  thin  wires  in  conjurretion  with  surfaces.  In  order  to  account  for 
this  requirement,  several  techniques  have  been  developed. 
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Fin.  6:  Triangular  patch  witli  current  fiiaincnts 


The  simplest  technique  to  connect  wires  to  surfaces  is  to  fix  tliem  on  one  edge  of  a 
triangle  or  quadrangle.  A  detailed  description  of  this  mcthoii  is  given  in  [4]. 

Analyzing  practical  problems,  it  turned  out  that  in  sonic  cases  it  is  nccessaiv  to  tix 
wires  directly  on  a  node  of  a  discretized  structure,  for  example  because  only  the  exact 
coordinates  of  the  node  are  explicitly  known  in  the  input  data,  for  reasons  of 
symmetry  or  from  other  geometrical  reasons.  Therefore  an  appropriate  function  with 
reference  to  triangles  which  arc  connected  to  wires  in  one  comer  point,  has  to  be 
created.  For  flat  triangles,  such  a  function  can  be  expressd  by  the  relation 


I  (  r ’)  -  0.5 


lo 


(x-.e.  +  y'.e,)-ll-(- 


xj-yj  -  yj*xj 


x’.(yi+yi)  -  y.  (x^+xj) 


r\ 


(15) 


The  x’./.z’  coordinate  system  is  situated  in  the  plane  of  the  triangle.  The  geometrical 
quantities  used  in  eq.  (15)  can  be  taken  from  Fig.  7. 


y' 


Fig.  7:  Geometsy  for  a  triangle  connected  to  a  wire  at  oomer  1 
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Taking  the  divergence  of  eq.  (IS)  it  can  be  seen  that  the  surface  charge  disttibution 
over  the  whole  mangle  is  constant  and  thus  the  given  function  can  be  used  together 
with  the  usual  triangle  basis  function  [S],  Tlic  surface  current  density  tends  to  infinity 
at  the  junction  point,  but  the  value  of  the  total  current  remains  finite  and  is  equal  to 
Ig.  It  is  evident  that  eq.  (15)  can  be  expressed  in  a  form  suitable  for  parametric 
triangles: 


(ar,-b  +  04-4)  •  (  1  -  •  06) 

Another  possibility  to  create  a  basis  function  that  correctly  describes  the  connection 
between  wires  and  triangle  corners  is  to  apply  eq.  (7)  to  a  triaiigle.  Performing  this 
step,  two  comer  points  of  a  quadrangle  must  coincide,  that  is,  the  length  of  one  edge 
of  the  quadrangle  tends  to  zero,  as  indicated  in  Fig.  8.  On  the  2-3  edge  the  wire  cun 
be  connected  with  the  usual  wire-edge  connecting  tcdinique  already  described  in  [4]. 
The  characteristic  propertv  of  tins  method  is  that  both  the  current  density  and  the 
surface  charge  density  tend  to  infinity  at  the  junction  point. 


Z 


Fig.  8:  Quadrangle  degenerated  to  a  triangle 


To  show  that  the  described  method  works  in  the  low  as  well  us  in  the  high  frequency 
range,  a  test  arrangement  according  to  Fig.  9  was  ralculated  by  the  code  CONCliPT. 
Tire  wire  loop  and  tlie  body  are  fixed  on  an  ideal  conducting  ground  plane  of  infinite 
extension.  ITie  figure  shows  the  real  part  of  the  current  distribution  at  a  frequency  of 
l.SO  MHz.  At  a  frequency  of  100  Hz  the  eunrent  in  the  wire  behaves  exactly  according 
to  Otun’s  law. 


To  have  u  verification  of  the  results,  a  top-loaded  inonopol  antenna  over  an  ideal 
conducting  sheet  according  to  Fig.  10  was  calculated.  The  extensions  of  the  sheet  are 
large  enough  so  Oiat  the  fields  near  the  antenna  can  be  compared  witli  an 
arrangement  where  ihc  sheet  is  replaced  by  an  unbounded  plane.  At  first,  the  finite 
sheet  was  divided  into  triangles  exclusively,  and  in  a  second  computer  run  only 
quadrangles  were  used.  ITie  quadrangulation  and  the  real  part  of  the  current 
distribution  is  shown  in  Fig,  !1,  The  wave  bohavioiir  at  100  MHz  can  be  seen  very 
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well  in  this  figure.  Concerning  the  triangles,  every  quadrangle  of  Fig.  11  was 
subdivided  into  2  triangles.  The  calculated  x  component  of  the  electric  field  along  tiie 
z’  axis,  indicated  in  Fig.  10,  is  given  in  Fig.  12.  Fig.  12a  shows  the  results  for  the 
arrangement  with  the  hnangular  patches,  and  in  Fig  12b  the  quadrangles  are  used.  For 
sake  of  comparison  the  electric  field  produced  by  a  top-loaded  antenna  ever  an 
iiifinite  ground  plane  is  also  depicted  in  Fig.  12.  The  figure  tells  us  that  in  both  cases 
the  agreement  is  very  good,  though  in  the  triangle  case  1100  unknowns  are  necessary, 
whereas  in  the  quadrangle  case  omy  740  unknown  currents  ore  used.  But  on  this  place 
it  must  be  indicated  that  perhaps  it  is  possible  to  attain  a  reduction  of  the  unknowns 
in  tire  triangle  case  by  a  more  sophisticated  triangulation.  Therefore  further 
investigations  are  necessary. 

The  power  of  the  developed  method  is  demonstrated  by  a  greater  example  according 
to  Fig.  13.  In  this  figure,  the  imaginary  part  of  the  current  distribution  on  an  airplane 
is  depicted.  The  arrangement  is  excited  by  a  plane  wave  with  its  polarization  vcclor  in 
tiie  symmetry  plane.  Utilizing  this  symmetry,  the  number  of  unknowns  can  be  halved. 
For  this  example,  about  1400  unknown  airrents  occur.  The  amount  of  computation 
time  on  a  HP-9000/82d  is  about  4  hours.  Ihe  electric  field  distribution  in  the 
symmetiy  plane  is  given  in  Fig.  14.  Inside  the  fuselage  the  field  strength  is  almost 
zero  except  for  the  cockpit  area.  There  the  penetration  of  the  field  through  the  cockpit 
pane  can  be  observed. 
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X  component  of  the  electric  Reid  using  trlungulur  patches 
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Fin.  12h;  x  component  of  the  electric  field  using  qundranguliir  patches 


Fig.  13:  Airplane  excited  by  a  plane  wave  of  100  MHz 
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Gtin*rml  Approach  For  Tr««ting  Boundary  Conditions 
on  Multi'Region  Scattarars  Using  tha  Method  of  Monents 


J*  M.  Putnam 

McDonnell  Douglas  Research  Laboratories 


Abstract 

For  complex  geometries  consisting  of  multiple  regions  with  different 
types  of  boundary  conditions  imposed  between  the  regions  (i.e«i  conducting* 
dielectric*  resistive,  IBC,  etc.)*  conventional  method  of  moments  (MM) 
procedures  can  become  tedious  and  difficult  to  implement.  Typically,  liM 
based  solutions  to  EM  scattering  and  radiation  problems  proceed  as  follows! 

*  coupled  integral  equations  are  developed  which  represent  the  physics 
of  the  problem 

*  the  boundary  conditions  ace  Incorporated  into  the  integral  equations 

*  the  MM  technique  Is  used  to  reduce  the  integral  eqv\atious  to  a  matrix 
equation. 

this  paper,  a  simple  technique  will  be  presented  for  incorporating 
different  types  of  boundary  conditions  and  combinations  of  the  field 
equations  for  acatterers  with  multiple  homogeneous  regions.  Each  Interface 
between  regions  is  considered  separately*  The  Stratton->Chu  integral 
equations  representing  the  E  and  H  fields  on  both  sides  of  the  interface  are 


*This  research  was  conducted  under  the  McDonnell  Douglas  Independent 
Research  and  Development  program. 
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sp«cl£ittd  in  terms  of  equivalent  elect (J)  end  megnetlc  (M)  currents  on 
both  sides  of  the  interface.  When  the  field  point  is  located  on  the 
interface!  there  are  four  equations  In  eight  unknowns  (£  ,  M*). 

These  eight  unknowns  are  expanded  in  a  series  and  the  MM  technique  is 
applied,  resulting  In  an  overdetermined  matrix  equation.  This  matrix 
equation  is  independent  of  the  boundary  condition  on  the  Interface  or  the 
field  equations  which  will  be  solved.  The  boundary  condition  and  field 
equations  to  solve  are  specified  by  three  matrices  which  operate  on  the 
overdetermlned  systemt  reducing  it  to  a  matrix  equation  of  a  determined 
system. 

Examples  will  be  given  which  illustrate  how  existing  MM  formulations  in 
the  literature  can  be  recast  using  this  technique.  This  technique  has  been 
Implemented  with  Galerkln  testing  In  a  general  purpose  scattering  code  for 
2D  bodies,  bodies  of  revolution!  and  arbitrary  3D  bodies,  consisting  of 
multiple  regions  and  boundary  condition  types.  Numerical  results  will  be 
presented  which  demonstrate  the  versatility  of  the  method. 

Introduction 

The  method  of  moments  (MM)  has  been  used  extensively  over  the  past  two 
decades  to  solve  a  variety  of  scattering  problems  involving  conducting  and 
penetrable  bodies.  In  [1]  the  electric  field  integral  equation  (EflE)  is 
solved  for  an  arbitrary  conducting  body  of  revolution  (BOK),  and  in  [2]  the 
magnetic  end  combined  field  integral  equation  (MFIE  and  CFIE)  solutions  arc 
obtai  ied.  For  arbitrary  homogeneous  BOR  geometries,  th^i  FMCHW  and  Muller 
formulations  are  given  In  [3].  Impedance,  resistive,  and  magnetically 
conduci:lng  boundary  condition  formulations  are  given  in  [4].  The  above 
formulationa  are  straightforward  and  easily  implemented  since  only  a  single 
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surface  Is  present.  For  geometries  with  multiple  surfaces,  where  the  number 
of  surfaces  and  dielectric  regions  are  fixed,  the  analysis  Is  only  slightly 
more  complicated.  For  exesiple.  In  [5]  a  CFIE  formulation  is  given  for  a 
coated  BOR,  and  In  [6]  five  different  formulations  are  presented  for  a 
partially  coated  BOR.  In  [7]  a  general  formulation  Is  presented  for  axially 
Inhomogeneous  BOR  gaometrlss  consisting  of  multiple  conducting  and 
dielectric  surfaces  based  on  Che  EFIE  and  FMCHU  formulations.  The  notation 
is  complicated  for  the  general  case  end  the  niomerlcal  Implementation  Is  not 
straightforward,  and  Is  further  complicated  when  realstlve  and  Impedance 
boundary  conditions  ara  also  allowed. 

In  this  paper,  a  simple  technique  is  presented  for  incorporating  various 
types  of  boundary  conditions  and  field  solutions  Into  a  HH  solution  for  a 
general  body  with  multiple  conducting  and  dlelactric  ragions.  Tha  tachnique 
is  directly  applicable  to  all  of  tha  formulations  cltsd  above  for  BOR 
geometries,  onalogous  tvo-dlmanslonal  geometries,  and  arbitrary  three- 
dimensional  geomacries.  Typically  the  MH  la  applied  after  the  boundary 
conditions  have  been  incorporated  into  a  set  of  coupled  Integral  equations. 
In  the  present  approach,  the  MM  is  applied  directly  to  a  general  set  of 
coupled  Integral  equations  on  each  surface,  and  then  the  boundary  conditions 
on  tha  eurfeca  and  fiald  eqi'atioiis  to  test  are  incorporated.  The  technique 
facilitatea  the  Incorporation  of  different  types  of  boundary  conditions  and 
field  solutions  Into  MH  codes  for  general  bodies. 

Examples  will  be  given  which  Illustrate  the  technique  for  ZD  and  BOR 
geometries,  using  overlapping  triangle  function  expansions  and  Galerkin 
testing.  The  Galerkin  testing  end  orthogonal  nature  of  the  current 
expansions  for  2D  tn  BOR  georaetrlas  results  in  special  matrix  properties 
which  simplify  the  approach*  The  technique  will  be  presented  first  for  a 
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body  consisting  ot  s  single  surfscs,  foliovfsd  by  some  comments  on  how  the 
technique  extends  to  tho  case  o£  multi-surface  bodies. 

Ceneral  Integral  Equations 

Figure  1  depicts  a  scattering  geometry  with  a  single  homogeneous 
interior  region  K^>  In  the  £ree-space  region  R^,  the  total  alactric  and 
magnetic  fields  are  given  by  the  Stratten-Chu  Integral  equations 

-  L^J  (r)  +  K^M  (r)  (1) 

-  Il^(r)  -  KjJ  (‘■O  -  —  1-2^  <r)  (2) 

’2 

44  44  't4‘  44 

where  E  and  H  are  the  incident  electric  and  magnetic  fields >  J  and  K  etc 

4 

tha  aqulvaXanC  alac(.ric  an<l  uagner.lc  currants,  unii  the  lunctlun  0^(r)  In 
dafiaad  as 

II  for  r  « 

1/2  for  t  f  aR^  (3) 

0  otherwise 

where  is  the  boundary  of  region  U^. 

The  electric  and  magnetic  surface  currents  on  S  in  general  are 

r  *  n‘  W  r|5  (««)  -  -  n  W  2*|g  («b) 

and 
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t'unctigns  hxivri  ba'4»i  s«l«ct«d»  tha  four  couplad  IntugrAl  •quatlons  can  b« 
raducad  to  an  ovardatarminad  ayatam  o£  linaac  equatlona  using  tha  moUhod  of 
momants.  Vrittan  In  matrix  oparator  notation^  tha  four  Intagral  aquations 
reduca  to 


r 

[  4.  1 

' 

^2  --^2  0  0 

.X'  0  0  0 

J 

S' 

*2 

+ 

JiTj  0  0 

0  or  0  0 

M 

■je 

0  0  •  jiTj 

0  0  .X"  0 

j" 

0 

0  0 

O 

o 

o 

M- 

0 

+ 

E 

4* 

11 

E 

ir 

(9) 


vh«r<i  »n4  tU«  operators  which  rasult  from  testing  the 

Integril  operators  end  respectively.  The  subscript  specifies  the 
region  where  the  Green's  functions  Is  evaluated.  Tha  iiietrlx  operator 
results  from  casting  tha  total  alactri.c  and  magnetic  fields  on  the  aurfaca, 
and  <?  and  ■Jf' era  tha  column  vectors  which  result  from  tasting  tha  Incident 
electric  and  magnetic  fields,  raapectlvaly.  Note  that  the  fona  of  hq.  (9) 
eeeuues  judicious  placement  of  a  factor  tj^  In  the  currant  expansion  and 
testing  functions  which  will  be  detailed  below.  Equation  (9)  will  be 
written  in  shorthand  notation  as  Z1  +  Z  I  -  V,  where  1  repreeento  the  four 
currant  unknowns  (J*,  M  )  end  I  represent  the  four  field  unknowns  (h  ,  H  )• 


Hathod  of  Moteenta  Oelerkln  Technlaiua 

In  general,  Eq.  (9}  possess  no  special  symmetry  properties,  however, 
whan  spacielisad  expansion  functions  ars  used  with  Galerkln  testing  both  tha 
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Z  ttud  Z  uathod  of  momonts  iuatric««  Ara  ayianatiric*  Explicit  cuLTont  and 
fiaXd  •xpanaiona  ara  given  below  for  bodies  of  revolution  (BOR)  and  two- 
dltuensional  bodievi  using  the  same  notation  as  in  [7|8]* 

i'or  BOH  geometries  I  the  uukno«m  currents  and  fields  are  expanded  as 


3  ■  t.  (4  4  -  4  4) 


<lOa) 


Uflk 


S  ■  ■>0  £  (4  4  -  4  5fJ 

n,  k 


(10b) 


« ■  £  (4  4  -  4  4) 

n,k 


(10c) 


a  ■  £,  (4  4  -  4 14 

n.k 


(lOd) 


whar*  •(  1>,  C|  and  d  «i'«  ch«  uuknovm  axpanalon  coai^lilalantu,  and 


3 


a 

nk 


■* 

“a  /i(t) 


a  •>  t  ot  ^ 


(11) 


vhara  'rj^<''')  th«  k-th  ovarlapplng  crlangl*  t'unvClon  on  th«  aucCaca  S. 

With  thla  axpaiislonf  kha  uiacirlx  opacatocs  can  b«  wcltLan  In  parcltlonad  t'oina 

aa 


(IZ) 
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Th«  matrix  U'  is  symuiatric,  the  matrix  .M  is  aiiti-symniatrli: ,  and  the  matrix 
^  1«  tridlagotial  and  B/iiundtriCa 

Analogous  utacrices  lasuXt  lor  two-dimanslonal  bodies ,  posseBBing  uhe 
Bams  ayHanetiy  propyLtioff.  Assuming  chat  the  y-axls  Is  the  Inl'lnita  axis  ot 
tranalauiona  the  eleutric  currents  are  expanded  as 

^  J  (‘k  “t  -  •k  %)  (15) 


Tha  other  unknowns  are  expanded  simiierly  ae  in  Kq.  (10).  lha  matrix 
operators  ate  written  in  psttitiuned  ionii  as 


(10) 


(17) 


(IB) 


Incorporation  a£  Boundary  Gondltlona 

liquation  (9)  gives  the  genaral  MH  matrix  aolutlon.  Tlia  boundary 
conditions  ars  now  Incorporated  .into  the  ovardetarmlnnd  matrix  aquation  by 
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b*  solvad.  for  •  glvan  boundary  condition,  cartaln  cholcas  Cor  th*  matrices 
At  B,  and  C  raaulc  In  Eq,  (70)  being  aysnecrlc. 

Some  oxamplea  will  ba  praaantad  which  llluatrate  tha  mathod  Cor  somn 
typical  boundary  '.nndltiona.  These  axamplaa  apply  to  both  BOR  and  2D  bodies 
using  tha  MH  Galtrhln.  matrix  operators  previously  daCinad. 


Conducting  Bounder/ 

For  a  conducting  boundary,  tha  interior  Clslde  art  zero  and  "  0  on 

tha  aurCaca  S.  This  Implies  that  -  J^,  and  •  M'  ■  0.  The  matrix 

A  la  given  by 


(21) 


silica  la  tha  only  nonaaro  currant  on  tha  surCaca,  The  aquivslant 

3^  ^4*  ^  A  •H 

a  n  ell  .  Assuming  n  •  ^xt  Cor  BOK 

gaouatrlas,  this  Impllc’*  that  tha  corresponding  unknown  coafCluients  ara 
ralstad  by  *  Xii*  with  It:  >  whsra  tha  currant  and  Held  coaCClciant 

ara  wrlttan  In  partltlonad  (form  as 


(22) 


For  2Q  gaomatrlas  with  n  -  yxt,  the  same  relationship  holds  1C 
Gquivalan&ly ,  K  »  Av.d  the  B  1a  thurttfor*  kIvau  by 


4  ye 
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(23) 


A  coublntd  £l«ld  inCiigral  aquation  (CFII:))  solution  can  ba  I'omiad  by  taking 
OE  +  (l-0[)  nxH^  for  0  £  a  5  1.  Th«  C  matrix  xrhlcU  implamaiita  ths  CFIE 
formulation  la  giv«n  by 


C  -  [ft  -(l-ft)X  0  0] 


(2<.) 


Substituting  tha  uatricas  A|  B,  and  C  into  Eq.  (20)  yialda  tha  CFIE 
ioniiulation  lot  a  conducting  aurfaco 

-  (l-ajCX.jt-j  -.m]  /  -  a£  +  (i-a)  X.>f  (25) 

which  Is  sqtiivslsnc  to  th«  OKIE  solution  In  (2] .  Whsn  a  ■  1  ths  systsm  of 
tquatlons  la  syamstclc  and  tha  m'lH  Is  obtalnad,  Voc  2D  bodies  the  ejrstcm 
of  aquatlona  dacou^^laa  Into  tha  TE  and  TM  yolarlzatluii  cases. 

Dlalaotclo  boundary 

For  a  dlalactrlc  boundary  ths  tanKsntlal  alactrlc  and  raagnatic  fields 
are  continuous  across  the  interface  S.  Tha  equivalent  interior  and  axtarlor 
nurrant  coafflclanta  are  related  by  J  -  -J^  and  M  »  -M  .  Tha  Held 
coalflclanta  are  related  to  tha  aqulvelant  currant  coefficients  by  H  -  - 

-XJ*  and  E~  ••  s  XM^.  Ualng  thaaa  relationships,  ths  gsnsral  comblnsd 
flsld  solution  In  (3]  Is  obtalnsd  by  osttlng 
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(2Ca) 


(261,) 


(26r;> 


(20d) 


W),«n  0  *  "  1  tlie  FMCHW  luoiiulatli,it  Is  obtaluad  and  la  wyimiotrlc;*  OUhcL 

clioluaa  £oi'  C  will  pruduca  Lha  L-iiald  and  H-£lald  iomulatlona  Iti  |6). 


Inpadauca  Bouadaiy  Cortdlbion 

An  lupadanca  aurftca  la  chatactailzad  by  t'ua  bouiidacy  condition 
'  boundary  condition  can  ba  axpiraaaad  In  tanua  oi'  tha 

unknown  coafflclanta  as  t*  »  M*  «  -  and  II*  -  -  XJ*.  These 

ralatlonships  are  Incocpocated  by  sattlnn  -  J  and 
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Thft  ryuaUQtirlc  ayscem  oC  aquations  given  In  [4]  Is  obtained  if  C  ■  where  t 

indicates  the  transpose.  Other  choices  for  C  will  produce  different 
combinad  field  lUC  foraiulations • 


Realstlva  Boundary  Condition 


A  raalative  surface  is  characterized  by  the  boundary  conditions  b 

'  '  tan 

^  L  and  n  x  (H  -  II  )  ■  •  h  .  These  conditions  can  be  expressed 

tsn  R  tan 

a  '0 

-»«  4+  -f+  ■♦+ 

in  tanns  o£  the  equivalent  currents  as  M  •  and  E  ff>(J  *  J  )  •*  )i, 

*  a  '  0 '  '  tiari 


Tha  A  matrix  is  deflnad  by  setting 


(2ea) 


(2ab) 


The  b  matrix  is  obtained  by  noting  that  the  boundary  condition  can  also  be 


written  ae  H 
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A  uyioiiatrlc  syatam  of  aquations  la  obtalnad  by  lotting  C  -  '‘A.  Tha 
rasultliig  systam  of  aquations  reduces  to  the  conducting  case  as  R  ■*  0  and 

to  tha  dlalactrlc  caaa  as  R  ‘°4 

8 

In  a  slnillai:  mannar,  tha  dual  aiagnatlcally  conducting  boundary  condition 
can  ba  uolvad,  and  solutions  can  ba  obtalnad  whan  both  reslsttva  and 
magnutlcally  conducting  boundary  conditions  ara  Imposad. 

Kxtanalon  To  Hultlpla  Surfaces 

This  luathod  can  ba  easily  axtandad  to  scattering  geometries  which 
contain  multiple  surfaces  and  homogeneous  regions  whara  each  auifaca  may  be 
charactarlaed  by  a  different  type  of  boundary  condition.  Kor  each  surface, 
tha  upproprluta  currants  ara  speclflad  by  matrices  A  and  B  specify  how 
tha  boundary  condition  on  tha  uurfaca  Is  Incorporated  into  tha  solution,  and 
matrix  C  spaclflas  tha  fields  which  ure  tastad  and  comblnad.  Whtn  tha 
Stratten-Chu  lutagral  aquations  sra  tastad,  the  i/.' and  .ICmatrlx  oparators 
must  spaclfy  both  tha  tasting  aurfacs  and  tha  surface  on  which  the 
equivalent  currants  rasida.  Tha  C  matrix  on  tha  tsst  aurfacs  dsflnss  how 
tha  flslds  ara  comblnad  whlla  tha  A  matrix  on  tha  aourca  aurfacs  daflnas  how 
tha  unknown  currants  ara  related. 

Conclusions 

A  simple  technique  was  prssantad  for  Incorporating  dlffsrant  types  of 
boundary  conditions  and  comblnad  fisld  solutions  in  conjunction  with  a 
mathod  of  momanta  solution,  bxamplaa  wars  praaantad  which  Illustrate  that 
tha  technique  car.  ba  used  to  writs  MM  solutions  for  standard  boundary 
conditions  in  a  compact  notatlonsl  form.  Tha  method  allows  tha  afflolant 
implamantation  of  different  boundary  condltlona  and  flald  focmulatlona  In  MM 
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codes  for  multiple  surfaces  and  regions.  A  formulation  was  presented  for 
treating  a  resistive  boundary  condition  between  two  different  homogeneous 
dielectric  regions.  The  dual  magnetically  conducting  boundary  condition 
solution  is  obtained  in  an  analogous  manner.  Both  solutions  are  numerically 
stable  and  are  self  consistent  for  limiting  cases. 
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Figure  I.  Stattcrine  geometry. 
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iUatiact 

Hu  radiiitioii  cheriKtwktfCf  of  a  two-way  radio  ia  Uu  pruonct  of  a  liaiplc  oiodol  of  the 
human  body  arc  iDvcatigatcd.  Iha  human-body  model  b  a  Id-inch  PVC  pipe  filled  with  rah 
water.  The  trlanaular  patch  code  PATCH  ir  uaed  to  model  the  pipe  a«  a  eimple  impcdance-eheet 
lurface,  whiie  the  radio  body  with  its  antenna  is  modeled  at  a  perfectly  conductinc  plate  driven 
against  a  thin  strip.  Numerical  results  obtalnsd  with  this  tuodel  are  compared  with  meaeured 
data  In  the  450470  MUx  range  for  the  radio  suspended  beside  the  water  cylbtder. 


lutroductlou 

llie  rsdiation  characteristics  of  a  hand-held  two-way  radio  are  of  interest  for  many 
applications.  The  effect  of  the  human  body  on  the  radiation  pattern  and  input  impedance  of  the 
radio  antenna  are  difficult  to  predict  for  realistic  geometries.  Various  approaches  to  the 
modeling  of  similar  problems  have  been  considered,  including  the  use  of  volume  integral 
equation  models  and  hybrid  partial  differential  equatioii/integral  equation  models  [1-5].  When 
the  fields  interior  to  the  body  arc  of  interest,  a  volume  formulation  is  necessary.  However,  if 
one  is  interested  primarily  in  the  input  impedance  and  radiation  characteristics  of  the  antenna  in 
the  presence  of  the  body,  one  might  expect  simpler  models  to  be  applicable.  Surface  integral 
equation  (SIE)  models  which  assume  that  the  body  is  a  homogeneous  or  layered  homogeneous 
dielectric  region  [6]  may  prove  satisfactory,  particularly  since  the  human  body  is  lo$.sy. 
Standard  SIE  formulations  require  the  entire  surface  of  the  body  (o  be  modeled,  however,  and 
generally  employ  both  electric  and  magnetic  equivalent  surface  currents  as  unknowns  in  the 
numerical  formulation.  For  a  lossy  dielectric  the  number  of  unknowns  may  be  reduced  by  30% 
in  some  situations  by  employing  the  impedance  boundary  condition  (IBC)  model  [7],  The  IBC 
model  still  requires  the  current  distribution  to  be  modeled  over  the  entire  surface  of  the  dielectric 
body,  but  reduces  the  number  of  unknowns  required  in  the  model  by  enforcing  a  known 
relationship  between  the  electric  and  magnetic  equivalent  surface  current  densities. 

In  this  vyork  we  seek  to  employ  a  numerical  model  of  intermediate  complexity  and  to 
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compare  the  numerical  rei>ults  obtained  using  this  model  with  measured  data  for  a  simple 
physical  geometry  representing  the  human  body  at  frequencies  in  the  450  MHz  range.  Ilie 
measured  data  for  the  radiation  pattern  of  the  radio  are  obtained  using  a  vertical  14-inch  O.D. 
VVC  pipe  filled  to  approximately  six  feet  in  height  with  salt  water  to  represent  the  man.  The 
radio  is  suspended  from  the  top  of  the  pipe  with  an  adjustable  plexiglass  holder.  The  receiving 
antenna  is  fixed  and  the  radiation  pattern  is  obtained  by  varying  the  azimuthal  position  of  the 
radio  around  the  water-filled  pipe. 

Tlie  numerical  model  employed  in  this  work  is  an  impedance-sheet  model  for  a  tliin 
dielectric  shell  [8],  This  is  a  model  of  intermediate  complexity  in  the  sense  that  it  is  not  a  full 
volumetric  model  of  a  man  or  of  the  experimental  water-column  man.  It  requires  fewer 
unknowns  than  does  a  full  volume  model,  yet  it  is  very  flexible.  Ihe  PATCH  triangulai  patch 
code  is  capable  of  representing  this  type  of  model  without  modification.  Thus,  arbitiaiy  surface 
shapes  can  be  used  to  represent  the  man,  and,  in  particular,  appendages  such  arms  can  later  be 
included  in  the  model  and  oriented  in  an  arbitrary  manner.  Of  course,  the  use  of  this  simple 
model  ignores  the  internal  structure  of  the  human  body,  and  may  be  expected  to  yield 
unsatisfactory  rcsults  under  some  conditions.  In  principle,  however,  the  impedance  sheet  model 
cun  be  extended  to  represent  a  “volume’  model  by  simply  incorporating  a  set  of  interlocking 
impedance  sheets  to  represent  the  interior  region  of  the  body.  This  procedure  has  been 
implemented  successfully  by  Kubin  and  Daijavad  [9]  using  rectangular  source  regions  and 
rooftop  basis  functions  [10].  A  similar  approach  should  be  practical  using  triangular  domains 
and  the  PATCH  code.  An  advantage  of  this  approach  over  standard  volumeuie  models  may  be 
that  the  interlocking  Impedance-sheet  volume  model  could  be  used  only  in  the  region  of  the  body 
in  close  proximity  to  the  radio,  white  the  surface  impedance-sheet  model  can  be  retained  for  the 
body  region  remote  from  the  radio. 


Forniuhition 

lo  obtain  the  impedance  sheet  model  for  the  body,  wc  consider  a  tiiin,  lossy  dielectric 
shell  centered  around  the  actual  body  surface  Sj,.  The  radio  body  is  modeled  as  a  rectangular, 
perfectly  conducting  plate  S^,  with  an  attached  perfectly  conducting  thin  ship  S,  to  model  the 
wire  antenna.  The  radio  is  excited  by  an  impressed  voltage  source  at  the  junction  of  the  plate 
and  the  thin  strip,  An  equivalent  electric  current  J  is  assumed  to  be  induced  on  the  entire 
surface  !i=Si,+Sp+Sy  The  current  J  induced  on  S^,  i:;  an  equivalent  surface  current  in  the 
model,  but  it  icpresents  a  volume  polarization  current  J„  flowing  within  the  impedance  shell  and 
tangential  to  the  surface  [8]. 

The  scattered  electric  field  produced  by  the  current  J  may  be  expressed  as 
E*(r)--yu.A(r)-V4.(r) 


where 
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A(r)-pfj(r')C(r,r'W5' 

(2) 

4- 

♦(r)  -  i|  o(r')G(r.c')r/A' 

(3) 

|.-y*lr-r'l 

0(r,r').f-— 

4t  r-f' 

(4) 

t  aiiU  n  arc  tlic  pcrinittiviiy  aiid  pci  iiicability  of  free  k^u(ni)  ''^,  r  and  r'  reprciicnt 

ubiicrvation  and  iiouicc  coordinatcii,  rc^|Hu:tivcly,  and  the  surface  charge  dcnsiiy  a  is  related  to 
tile  surface  eunent  J  through  the  equation  of  continuity 

V  ‘J  "  -juo 

The  electric  lield  integral  equation  for  the  thin  dielcetiic  shell  iwition  of  the  niuUi-bixly 
geometry  is  then  obtained  by  enforcing  the  volume  polariaalion  current  deliiiition 

,  reSj,  (6) 

where  t  is  the  thickness  of  the  shell,  has  been  assumed  to  be  constant  across  the  ihickness 
of  tlic  thin  shell,  and  the  volume  jiolariaatiun  current  has  been  compressed  into  a  surface 
curiciil  .1  residing  on  !>/,.  The  comiKmeiU  of  E  normal  to  the  surface  ,V(,  is  iyiionxl.  The  lll'lU 
for  the  shell  may  then  be  written  as 

I  y«A(r)  *  V*(r)|,^„  -  E'„,(r)  0) 


wlieru  Z,.  is  the  siiect  inqiedance  defined  by 

Uielectric  loss  is  included  by  selling  When  liq.  (7)  becomes  the  familiar 

Ul^lLt  tor  perfectly  conducting  bodies,  and  it  can  therefore  be  applied  to  both  the  lossy  water 
cylinder  and  the  conducting  radio  geometry  when  Z,  is  appropriately  chosen. 

'The  PATCH  inomcnl  method  code  [11]  can  be  usetl  to  solve  (7)  for  the  induced  electric 
surface  current  J  and  to  compute  the  resulting  radiation  iiattein.  The  code  employs  a  triangular 
patch  model  of  surfaces  with  basis  functions  defined  on  pairs  of  triangles  [12]. 


ExpeHaxent 

The  PVC  cylinder  that  is  partially  filled  witli  salt  water  and  the  tMilio  in  its  plexiglass 
holder  are  shown  in  Pig.  1.  The  cylinder  is  filled  with  water  up  to  the  nicic.uring  tape  visible 
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Figure  1 .  1’ VC  cylinder  partiitUy  lillod  with  salt  water  and  redio  in  plexiglass 

hoider  used  to  obtain  exirerinicnlal  data. 


in  the  figure.  Note  that  the  monopole  antenna  is  partially  jiroiruding  above  the  tup  of  the  water 
level.  The  battery-operated  radio  is  situated  on  a  plcxigl^  arm,  which  can  be  manually  shifted 
around  tiie  cylinder  to  obtain  the  admuthal  radiation  pattern.  The  relative  size  of  the  cylinder 
in  comparison  with  a  person  is  siiown  in  Fig.  2.  For  each  measured  point,  the  person  had  to 
hide  behind  the  banter  of  absorbing  material.  Although  this  method  of  measurement  may  be 
somewhat  primitive,  it  nevertheless  assures  the  absence  of  all  feed  cables,  and  it  also  provides 
for  the  stability  and  repeatability  of  the  mcasureincnb.  llic  measured  points  could  be  repeated 
with  an  accuracy  of  1  dB.  The  lecciving  log-periodic  antenna  was  iocaied  at  a  distance  of  S.2ni 
from  the  center  of  the  cylinder. 

The  pteliminaiy  mesaurements  were  marie  with  the  cyluider  filled  with  tap  water,  and 
the  fmal  nteasureinents  were  made  with  a  0.2%  solution  of  NaCl.  The  DC  conductivity  of  the 
solution  waa  measured  to  be  0. 19  SI m.  It  is  believed  that  the  RP  conductivity  is  about  O.S  S/m, 
but  the  exact  KF  measiuemeat  has  nut  be  conducted.  It  was  found  that  there  was  very  little 
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difference  between  tlie  rnduiliun  pettenis  obuined  for  Up  Wiitcr  and  salt  water.  The  measured 
daU,  which  are  subsequently  shown  in  Pigs.  -1  and  b,  arc  for  the  salt  water  case. 


Results 

I 

Numerical  results  have  been  obtained  and  compared  with  the  measured  daU  at  4S0, 460, 
and  470  MHa.  As  noted  previously,  tlic  numerical  model  of  the  ladio  consists  of  a  perfectly  i 

conducting  tiat  plate  attached  to  a  thin  strip  icfmcscnting  the  wire  antenna.  The  triangular  i 

discretization  of  the  radio  model  is  shown  along  with  tlic  cylindiical  model  of  the  water  column  , 

in  Fig.  3.  The  water-filled  pipe  is  modeled  as  a  dielectric  shell  along  the  side  and  top  of  the 
water  surface.  The  bottom  face  of  the  water  column  is  not  included  in  the  model  In  Fig.  3.  lire  ' 

dielectric  shell  is  assumed  to  have  a  thickness  r  of  0.07m,  which  is  about  a  tenth  of  a 
wavelength,  a  relative  dielectric  constant  of  (iO,  and  a  conductivity  a  of  0.3.  All  of  these  : 

numbers  are  sonrewhat  arbitrary  since  there  is  no  true  ‘shell”  thickness,  and  the  sheet  impedance  , 

computed  via  (8)  depends  on  the  product  of  r  and  the  complex  permittivity.  The  values  chosen  i 

do  not  greatly  affect  the  results  over  the  range  of  frequency  in  this  work.  In  more  critical 
situations,  or  if  an  interlocking  sheet  impedance  model  were  to  be  used  to  represent  a  volume 
model,  we  expect  Uut  ttie  sheet  impedance  should  be  chosen  in  the  manner  described  in  [9].  . 

For  the  model  sirown  in  Fig.  3,  the  cylinder  radius  is  0. 173m  and  the  cylinder  height  is  j 

1.82m.  The  PEC  plate  modeling  the  radio  has  dimensions  of  0. 19Sm  '.ilgh  by  0.065m  wide, 
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while  the  antenna  (strip)  has  diincnsions  of 
0.197m  high  by  0.01b2Sm  wide.  The  top 
center  of  the  radio  is  jro.sitioncd  at  (0.225425, 
0.0,  1 .73745)  meters.  Because  the  cylinder 
is  almost  three  wavelengths  lung  in  the 
frequency  range  of  interest,  the  inudet  sitown 
in  Tig.  3  is  actually  a  fairly  crude  model, 
paiticularly  in  the  vertical  dimension.  The 
model  sliuwn  uses  12  segments  to  model  both 
the  vertical  and  a/imuthal  directiunu  and  has 
577  unknowns.  Unfortunately,  this  was  clo.se 
to  the  limit  of  the  model  si/e  which  could 
conveniently  be  used  and  tests  fur  numerical 
solution  eunvcrgence  were  limited. 

An  effort  was  made  to  obtain  a  better 
numerical  model  in  the  vertical  direction  by 


T'igure  3.  Tull  model  of  the  water-filled 
TVe  pipe  and  radio  geometry. 


titmcaling  the  cylinder  while  keeping  the  same 
number  of  unknowns.  1'hc  truncated  model,  in 
which  the  bottom  half  of  the  cylindrical  shell  has 
been  eliminated,  is  shown  in  Tig.  4.  The  cylinder 
is  still  model  using  12  segments  in  both  the 
vertical  and  a/imuthal  directions,  su  the  triangle 
density  is  increased  with  respect  to  the  model  of 
l-'ig.  3.  Truncation  of  tlie  model  was  expected  to 
be  feasible  due  to  the  lossy  nature  of  the  body  and 
the  localized  excitation.  Results  obtained  using 
different  tiimcaiion  lengths  showed  only  small 
variations,  which  is  an  indication  that  the 
truncation  proces.s  was  valid. 


Figure  4. 


Tim  comparisons  of  measured  data  with  the 
numerical  results  for  the  full  and  Uunrated 
geometries  ate  shown  in  Figs.  5  and  6, 
raiinecUvely,  In  the  figures,  the  continuous  lines 
represent  the  numerical  data,  while  the  measured 
data  are  represented  by  discrete  symbols.  The 
solid  line  represents  data  for  450  MHz,  the  dtudiod  line  for  460  MHz,  and  the  doited  line  for  470 


Truncated  model  of  the 
water-tilled  pipe  and  radio 
goomelry. 


MHz.  For  the  measured  data  the  plus  (+)  represents  4S0  MHz,  the  asterisk  (*)  460  MHz,  and 
the  cross  (x)  and  circle  (o)  reprc.<ient  two  dii't'erent  470  MHz  trials,  llie  agreement  between  the 
experimental  and  numerical  data  is  fairly  good  for  both  geometries.  However,  the  results 
obtained  with  the  full-cylinder  model  show  somewhat  poorer  agreement  with  the  measured  data 
and  somewhat  greater  frequency  sensitivity  in  tlic  backward  radiation  direction  (^•>180°).  li 
seems  likely  that  this  is  due  to  the  rather  crude  numerical  modeling  of  the  cylinder  in  the  vertical 
direction,  since  the  maximum  edge  lengths  in  die  model  may  exceed  one-quarter  wavelcngtii  for 
thi.s  case.  The  numerical  results  for  the  truncated  cylinder  geometry  agree  with  measured  data 
very  well  in  the  forward  and  backward  directions,  while  some  deviation  is  noted  in  the  side 
radiation. 


Figure  S.  Compirison  of  results  for  full-cylinder  model.  Numerical  results; 

430  (solid  line),  460  (dashed  line),  and  470  (dotted  line)  MHz. 
Measured  data:  430  (-(-),  460  (*),  and  470  (x,o)  MHz. 


Siuuniary 

The  radiation  chaiaeteristics  of  a  two-way  radio  in  the  presence  of  a  simple  water-column 
model  of  the  humun  body  have  been  investigated.  The  human-body  model  used  to  obtain 
nfssasarod  data  was  a  i4-incii  PVC  pipe  filled  wiih  salt  water.  Tiic  triangular  patch  code  PATCH 
has  been  used  to  model  the  pipe  as  a  simple  impedance-sheet  surface,  while  the  radio  body  witii 
its  antenna  is  modeled  as  a  perfectly  conducting  plate  driven  against  a  thin  strip.  Numerical 
results  obtained  with  this  model  have  been  compared  with  measured  data  in  the  450-470  MHz 
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6.  CuiupurisoM  of  rcsulU  for  truncattid-cylindcr  model.  NumcrioU 
rcnulU:  4J0  (iioiid  line),  460  (daidted),  and  470  (dotted)  Mil/.. 
Measured  daU:  4S0  (H-),  460  (*),  and  470  (a,  o)  MH/. 


range  for  die  radio  auspundod  beside  (he  water  column  and  have  been  found  to  be  in  good 
agrcuinunt.  Thu  I’ATCH  triangular  iwtch  code  u.sed  for  the  numerical  solution  is  capable  ot 
representing  arbitrary  surface  shapes  and  could  be  used  in  future  work  to  represent  a  more 
complex  model  of  a  man,  and,  in  particular,  appendages  such  as  arms  could  be  included  in  the 
model  and  orientud  iti  an  arbitrary  manner.  With  further  work  the  impedance  sheet  model  can 
be  extended  to  represent  a  "volume'  model  by  incoiporatin);  a  set  of  interlocking  impedance 
sheets  to  represent  tiic  interior  region  of  the  body,  tlius  providing  Uie  ability  to  adju.st  the  model 
complexity  from  a  fairly  .simple  model  to  a  quite  complex  model  with  the  same  code  as  the  need 
arises. 


From  the  applications  imint  of  view,  the  results  indicate  that  the  radiation  pattern  for  a 
450-470  MHz  portable  radio  In  the  presence  of  a  hunum  body  shows  a  front-to-back  ratio  of 
about  4  db,  and  .side  minima  of  up  to  S-S.5  db.  ITtesc  results  are  similar  to  Uie  results  reported 
in  [2]  for  165  and  2S0  MHz  radios. 
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AUSTRACT 

Designers  need  a  handy  tool  to  characterize  materials  for 
RCS  (Radar  Cross  Section)  scattering.  This  paper  describes  a 
three-step  strategy  for  predicting  the  RCS  scattering  as  a 
function  of  impedance  for  a  given  shape  and  frequency. 

This  strategy  has  been  generalized  to  be  applicable  to 
numerous  codes. 

The  actions  required  to  implement  this  strategy  are 
specified  in  detail.  A  specific  code,  JRMBOR,  is  used  to 
illustrate  and  give  precise  definition  to  the  processes  of 
implementation.  (JRMBOR  was  written  at  Atlantic 
Aerospace  Electronics  Corporation  in  Grccnbclt,  Maryland.) 

The  software  to  generate  multiple  runs,  and  to  compile  the 
data  needed  for  plotting,  as  well  as  performing  the  contour 
graphs,  is  presented.  In  summary,  all  the  information  for 
creating  a  "TOOL  BOX  FOR  CHAJLACTERI2ATION  OF 
MATERIALS"  in  a  minimum  amount  of  time  is  included. 
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THREE-STEP  STATEGY 


1.  Predict  the  RCS  for  a  range  of  impedances  by  running  the 
same  RCS  code  multipie  times.  The  size  and  shape  of  the 
body,  the  frequency  of  the  wave,  and  aii  other  input 
variables  remain  constant  except  the  impedance.  The 
output  contains  the  amplitude  and  phase  for  Theta  and  Phi 
for  one  frequency  and  one  impedance,  but  for  a  multiple  of 
incident  angles. 

2.  Compile  the  information  for  contour  plotting  by 
selecting  from  the  multiple  outputs  only  the  amplitute  and 
phase  for  a  given  Incident  angle. 

3.  Generate  a  contour  plot  for  data  selected  to  show  both 
amplitude  and  phase  for  a  range  of  impedances. 


ACTIONS 

CREATE  NEW  OUTPUT 

To  familiarize  one  with  the  input  and  output  from  the 
standard  version  of  JRMBOR,  in  Fig,  1A,  a  sample  Input  is 
shown.  The  input  data,  when  placed  in  a  DCL  (Digital 
Control  Language)  command  file,  is  used  for  running 
JRMBOR  on  a  VAX  computer. 

In  Fig.  1B,  a  partial  output  of  JRMOUT.DAT,  the  one  output 
from  the  standard  version  of  JRMBOR  is  portrayed.  The 
shape  input  is  a  12"  x  1“  cyclinder.  All  output  fields  are 
shown.  Since  the  information  desired  for  the  plot  program 
is  not  readliy  avaiiabie,  JRMBOR  required  mudificaiion.  To 
minimize  the  modification  task  and  impact  to  other  users. 
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an  additional  output  was  created,  rather  than  modifying 
the  existing  one.  In  Fig.  1C  the  new  output  is  illustrated. 


ADMHTANCE 

JRMBOR  requires  admittance,  not  impedance  for  input,  but 
the  final  contour  graphs  used  impedance.  Therefore,  a 
program,  CHANG2.FOR  shown  in  F.g.  2A,  was  written  to 
convert  impedance  to  admittance,  and  enter  admittance 
into  the  input  stream  at  the  appropriate  point  in  the 
JRMBOR.COM  command  <ile.  Also,  the  specific  case  of  the 
impedance  equal  to  zero  needed  to  be  defined,  to  avoid  the 
non-defined  case  of  dividing  by  zero. 

Since  JRMBOR  Is  required  to  run  one  hundred  and  seventy- 
six  times,  a  command  file  CHANG2.COM  depicted  in  FIG.  2B, 
is  created.  The  now  file,  JRMBOH.COM,  created  by  the 
CHANGZ  program,  is  copied  to  another  file  JRMBOR1.COM 
(FIG.  2C),  and  is  read  by  the  CHANGZ  program  during  the 
next  run. 


MULTIPLE  RUNS 

The  command  file  RUNJRM.COM,  displayed  in  Fig.  4,  submits 
one  hundred  seventy-six  runs,  the  desired  number  for  this 
example.  Each  run  is  matched  with  an  impedance;  the 
output  from  each  run  later  forms  one  point  for  the  contour 
graph. 

Impedance  Is  a  complex  number,  the  real  component  is 
displayed  along  the  x-axis,  and  the  imaginary  component 
along  the  y-axls.  The  variable,  N'JMI  when  divided  by  ten 
is  the  smallest  real  component  of  impedance  used.  NUM2 
when  divided  by  ten  is  the  la.'’gest  imaginary  component. 
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For  one-hundred  seventy-six  runs.  there  are  sixteen 
evenly-spaced  points  along  the  x-axis,  ranging  from  zero 
to  1.5. and  eleven  along  the  y-axis,  ranging  from  -(-.5  to  -5. 
NUM2  and  NUM2  are  written  out  to  ZLlST.DAT,  read  by 
CHANGZ  and  converted  to  an  admittance. 


COMPILE  THE  DATA 

READDAT.FOR  (Fig.  4A)  is  the  interactive  program  written 
to  read  multiple  JRMPLT.DAT  files,  each  one  created  by  one 
run  of  the  modified  JRMBOR  program.  The  program 
compiles  the  appropiate  data  from  one-hundred  seventy- 
six  runs  into  one  file. 

The  program  queries  for  the  following  two  pieces  of 
information:  first,  the  number  of  data  files  to  be 

searched,  and  then  the  size  of  the  incident  angle  to  be 
used.  In  Fig.  4B,  the  compiled  data  is  shown. 


CONI  JUR  GRAPH  PROGRAM 

After  the  data  is  compiled,  the  next  step  is  to  graph  it.  In 
Fig.  5,  the  code  is  portrayed.  It  uses  routines  from  the 
DISSPLA  Software  Package  from  Integrated  Software 
Systems  Corporation  of  San  Diego,  California. 

W  is  the  matrix  that  contains  the  data  for  contour  plotting. 
M  equals  16  for  the  sixteen  points  along  the  x-axis.  N  is 
11  for  the  eleven  points  along  the  y-axis.  It  is  interactive 
and  allows  the  user  to  choose  one  of  four  variables: 
Amplitude  (Theta-Theta),  Phase  (Theta-Theta),  Amplitude 
(Phi-Phi),  or  Phase(Phi-Phi),  as  well  as  to  enter  the 
number  of  points  for  the  contour  graph. 
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In  addition,  the  program  normalizes  the  values  for  the 
contour  by  the  value  at  (0,0),  which  is  0.0  impedance. 


CO^iTOUR  GRAPHS 

The  contour  graph  for  Amplitude  (tt)  is  shown  in  Fig.  6A. 
In  a  similiar  manner,  the  contour  graph  for  Phase  (tt)  is 
portrayed  in  Fig.  6B.  In  Fig.  6C,  the  result  is  shovi/n  of  the 
two  graphs  being  overlayed,  in  order  that  the  point  of 
intersection  is  noted  clearly. 
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SSSt£StStSSS$S«sSSSS£StSSSSSSSSSSSSS£SSSSSStStSSSSSSSS$S$S$$$SS"SS»SSSSttSS 

NAME  s  JRMSOR.COU 

*i  HERE  IS  A  SAMPLE  COM,' UNO  FILE  TO  RON  JRMBOR  ItfITH  SOME  SAMPLE  INPUT  DATA. 
S! 

|sssmsmsms$s$ss$sssssssssssssstsss£c£sss£sssss£s£st£ssss$$sss£sss«ssss 

S  SET  DEFAULT  [DORNFEST. JRMTEST] 

£  RUN  JRMBOR 
0  0 

16.676676 
37  0.  180. 

10 

0  4 

3  0.S 

1 

(l.,0.)  (l.,0.> 

3 

999  1 

1  49  2  1 

2 

0.  0.  0.  0. 

0.  0.0762  0.  0. 

(l.E36,0.) 


0  1 

1  S  2  0 

2 


0. 

0.0762 

0. 

0. 

0.00636 

0.0762 

0. 

0. 

0  1 

1  49  2 

0 

2 

0.00635 

0.0762 

0. 

0. 

0.00636 

0. 

0. 

0. 

S  EXIT 

S 

SSSSSSS£SSS33$££SS££3SJS3S$SSSSSSSSSSSSSSSSSS$sssss;ss${{3;sss{sjss;{jjjj^2jj 


FIG.  1A.  SAMPLE  INPUT  TO  JRMBOR 
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wUvCCCC<CUCCCCCCCCCCCCCCCCCCCCC(CCCC(CCCCCCCCCCCCCCCC€CCCCCCCCCCCCCCCC 

MENC  U  A  PAHriAL  OOTfUT.  J«k«liT.fiAT,  PROM  THE  STaiAARD  VCASIOh  OP 
JAkJOR,  gSlHO  A  (yCUInOCN  U*  Hi  I*.  AU.  THE  Dt/TPOT  FIEU't  ARE  SMOM. 
IHAORWAnOM  OEtlRCD  FOR  THE  PiOT  PROCRAy  It  MOT  RCAfilLY  AVAlkAlUi 
Floy  TMlt  OUTPi/T.  THUfiPOU*  JlMfeM  «Ai  WOIPIIO. 

ccccccccccccccccccccccccccccccccccccccccccccccccccciccccccccftccccccccccc 


PROfiJIAM  JRWIOR  X»#W11 


lies  • 

IIUQ  ■  i 

OK  »  •.tMic*oa 
NAHCLK  •  T 
THETAl  <• 

THETAa  •  tOO.O 
NPHi  >  a( 

yi  ■  « 

MlaST  ■  4 
ICTYPC  a  A 

AkP  a  •.(«0£«M 


CCMUIAk  INPUTS 


RC6XM  INPUTS 

Mica  a  t 

RC6I0M  RC{CPfO)  lM(EfSll>  R&CUUI)  lU(tfLM) 

I  fl.tOOSvOt  ■,iOl£if  •.lOMvOi  •.••MaM 


MR  COF^OUR  INPUTS 

F40RS  a  0 
CONTOUR  MJhRSRi  1 


tNARSOCl)  aOOO  XMWtOTS)  a  I 

]«ATA  NP  HINT  XTMPY 

I  40  I  I 


^  X  V  XC  TC 

1  R.OOaM  R.M***  •^•01—  O.MRM 
I  R.RORM  0.00840  0.00000  0.00000 

amOi«f  «T  SFUagUA/vAvalanoUt  •«  M»lf  «44i»«r  a  19. 1 


OP 


O.OMOO 

O.OOATT 

0.00000 

O.OOOBS 

0.0)370 

0.01100 

0.01MB 

t.OXISI 

R.ISCFi 

o.caoso 

O.OSTTS 

O.OIlOO 

0.010)0 

0.04)30 

O.ooooo 

0.0444B 

0.04703 

O.RtOlO 

O.OSAM 

O.OSTIS 

0.00010 

o.oooso 

O.OOPIS 

0.07)03 

•.Rt«30 

o.oToao 

0 .009SS 

O.OIS70 

O.OMOO 

0.00300 

O.OOOSO 

O.OOP43 

V.IRIM 

O.U47T 

O.IOTOS 

o.uno 

0.1)400 

0.11747 

o.iaooB 

0.13313 

•.X3700 

0.TS340 

2N 

o.uoto 

o.ims 

O.UOSI 

0.10070 

0.14100 

0.1400S 

0.14033 

s.sitio 

O.OROOO 

o.ooooo 

0.00000 

0.00000 

0.00000 

0.00000 

O.OOOOO 

O.OOOO0 

0.00000 

0.00000 

0.00000 

O.ooooo 

O.ooooo 

0.00000 

0.00000 

0. 00000 

0.00000 

• 

• 

• 

o.ooooo 

o.rooii 

0.00000 

• 

a 

0 

0.00000 

o.ooooo 

0.00000 

SHORT^CIRCUir  UTCRIM  ICS 


THETA 

m 

acs-4«  (41) 

iCO-JO^||OI) 

0.000 

lO.OTOOO 

^>.03 

30.000 

to.orooo 

•'13.00 

•iilao 

40.000 

>0.07000 

•it.os 

•11.70 

>0.07000 

•30.31 

-13.31 

izo.ooe 

I0.07M0 

•>».a* 

-1).70 

ISO. too 

10.07000 

•11 .00 

-13. 20 

100.000 

>0.07000 

•I.OS 

•i.oa 

APUTVIRS  CONTRISUTXON  TO  ICS 

THETA 

ox 

RCS'O  (4I> 

KCS-PP  (40) 
-30.90 

0.000 

10.47000 

>30. WS 

30.000 

lo.orooR 

-37.00 

-21. 47 

40.000 

>0.07000 

-87.07 

-31.47 

90.000 

10.07000 

>40.31 

-|9.«0 

130.000 

>0.07000 

-19. S3 

•IB. 21 

ISO. MO 

>0.07000 

-10.41 

-)3.I0 

100. 000 

10.07000 

-0.43 

-0.43 

total  RCS 

THETA 

IK 

IC3-«%  (41) 

RC3>»P  (M) 

o.ooo 

10.07000 

>0.97 

•0.97 

30.0RO 

10.03000 

>13.18 

>11.00 

lO.OOO 

>0.07000 

-17.71 

-13.40 

90.000 

10.07000 

-30.47 

-10.90 

)30.0oO 

>0.07000 

-34.71 

-19.11 

ISO.OUO 

lO.OIOOO 

-33.10 

•10.03 

100.00# 

>0.07000 

-10.00 

-10.00 

FIG.  IB.  OUTPUT  OF  THE  ORIGINAL  JRMBOR 
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ccc:cccccccccccccccccccccccccccc;cccccccwccccx*.ccccc:ccccccccccccccsccccccccccc 
QurrUT  OF  MODIF^IED  JP.UeOf;  PROGRAM 
FILUiJAUE  M  JRUPLT.dat 

THE  FIRST  L.INE  SHO«  THE  FREQUENCY,  THE  StCOl-JO  THC  IUPEOAHCE  2  AI40 
THEN  THE  ADMITTANCE  Y,  THIS  OUTPUT  WAS  OUTAInED  FOR  A  12  X  I  CYCLINOER. 
TK£  AMPLITUDE  AND  PHASE  aKE  UlSTLP  FOR  THETA  ANC  PHI  FOR  SEVEN  ANGLES. 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

WAVE9>  10.e7(>67&i  I/M 

coNTOURa  1  z«  ce .  iEe000E*k»i ,  - .  eeaeoaE^eo)  [y*  (e  b .  2oeo(5PE*00]  ] 


0.000 

-0.971 

41.499 

-0.971 

41  .i.BB 

30.000 

-ia.il/ 

12  .IBT 

-n.Bbl 

67.19B 

00.000 

-17.760 

-I23.7.f4 

-n.4sn 

-179.999 

90.000 

-20.476 

-B7.6Ge 

-1Q.BK7 

-171.290 

120.000 

-24.V87 

-IB. Ill 

137.006 

1S0.O00 

-23.161 

-160.006 

-1C. 030 

96.818 

110.000 

-19.066 

-130.728 

-19.060 

-130. /38 

LCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCLCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

FIG.  1C.  NEW  OUTPUT  FROM  THE  MODIFIED  JRMBOR 


iiiiiMMiiiiniiiiiiiiiniiMiinnittnuitiiitniiniiuiiiiiMiMiin 

c 

C  PROGRAM  CHANaZ.POR 

c 

C  THIS  PROGRAM  ACCEPTS  A  NEW  COUPLEK  <  FOR  THC  IMPEDANCE  (Z) , 

C  CONVERTS  IT  TO  THE  ADMITTANCE  (Y)  ANO  INSERTS  IN  IFfTO  THE  INPUT 
C  DATA  FILE  FOR  JRMBOR  FOR  THE  CASE  OF  A  SPECIAL  CYUU'^ER. 

C 

C  DO  HOT  USE  IT  FOR  OTHER  PURPOSES  MU 

C 

CllllllllIllllUlIlIlI'illllllllllllltLIIIllIllllllilllllUlllllllUlUUUl 


lee 

1 


2 


COMPLEX  Z.Y.Yl 
DIMENSION  A(80) 

OPEN  (UNITrS .NAME. » 2LXST . OAT » , STATUS-*  OLD  *  > 

OPEN  (UNITale ,  NAUe«  *  JRMQOKl .  COM* ,  STAirUSa*OLD*) 

OPEN  I ,  NAME** '  JKUaOR .  COM  S STATUS- ' NEW* , CARRIACECONTKOL- 

*»  'LIST*) 

DO  1 

REAO(lP,lM9)  <A<J)  ,  Jal.BB) 

WRITE(11 ,100)  (A(J) 

FORMAT(eeAl) 

CONTINUE 
R£AO<10,«)  Y1 
RCAO(9,«)  HI 
KEAO(9,«)  N3 
ANl  ■  FLOAT(N1)/10. 

AN2  -  FLOAY(N2)/10. 

Z  K  CMPLX(Alil,AN2) 

XF(CA&S<2).EQ.0.>  THEN 

Y  «  U.EM,0.> 

ELSE 

Y  «  l./Z 
END  IF 

WRITECll,*)  Y 
DO  2  Ial,ia 

HEAD  (10.100)  <A(J)  ,  Jal.BU) 

WRtTC<ll,l00)  (A(J),J>I,B0) 

CONTINUE 

END 


FiG.  2A.  CODE  VO  CONVERT  IMPEDANCE 
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I II I II 1 1 II 1 11 1 1 II 1 1 II I  nil  I  niiiiiii  I  Miiiiiiii  nil  1 1 1 1 1 1 1 1 !  1 1 1 1 11 1 1 1 1  n 

HnUE  •  IIHAtMZ.COlil 

THIS  IS  A  CCUUAHO  C  .COM  )  FILE  TO  RUN  THE  PROONAU,  CHANOZ.FOR,  WHICH 
TAKES  A  COUFLEX  liUi'sER  -  THE  lUPEDANCE  -  AND  CONVERTS  IT  Tl)  AOMITTANCE 
FOR  JRUaOR.  THEN.  JRUSOR.CQU,  WHICH  CONTAINS  THE  DATA  FOR  A  JRMBOR  RUN, 

IS  COPIED  TO  JRUaORl.COU.  THE  FILE,  JRMaOHI .COM,  IS  USED  ItV  CMANCI.FOK 
TO  CALCULATE  THE  NEXT  AOUITTANCE.  THIS  FILE,  CK.\Nei  .COU,  WAS  USED  FOR 
MULTIPLE  RUNS  OF  JRUaOR. 

iiiiiiiiiiiiiiiiiiiiiiiiiHiiiiiniiiiiiiiuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii 

S  RLE'  CHANGZ 

a  COPY  JKUBOR.COU  JRUBOKt.CDU 
a  EXIT 

iiiiiiiiiiiiiiiiiiiiiiiiiiiinMiiiiiiiiiMiiniininiiiMiiiiiiiiniiiii 


RG.  2B.  COMMAND  RLE  TO  RUN  CONVk-RSlON  PROGRAM 


iuu£  •  ^nueoRiwCOu 


tl 

t\ 

tl 

ri 


TKI$  COMkUsNO  FILt  IS  A  COP''  OF  M©  IS  CRE/.TEO  DY  CHAHGZ.COM 
CHANQZ.FOK  READS  THIS  FILE.  Al©  ttPITtS  A  NEW  WODIfXtoVErtSlON  WHICH  IS 
JRU60R.COM.  rOK  UAKINQ  MULTIPLE  RUtS  OF  JRU60R. 


sisjgsttmttttttttmsttsissmsmmmtmss»g>stgmmstutt»tsgsmts» 


t  srr  DEFAULT  (OORNFESV.JRKTESTl 
I  RUN  JRMBOR 
0  0 

16.676«Ye 
37  0.  1B6. 

115 


6  4 

3  O.K 
1 


«09  1 

1  OB  2 

2 

0.  0.  0. 

0.  0.0702  0.  0. 

O.Eoe.e.) 


0  1 

1  S  2  0 

2 

0.  6.0702  0.  0. 

0.0003S  0.0702  0.  0. 

0  1 

1  00  2  0 
2 

0.009S5  0.0702  0.  0. 

0.00036  0.  0.  §, 


I  EXIT 

I 

ataaaaaaaataaatataaisaaaaaaaaaataaatattasiaaaaaBtttatitaaaaaaaaaaaaaaaaataaaai 


FIG.  2C.  NEW  COM  FILE  CHEATED  BY  CONVEflSION  PROGRAM 
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1  > 

9  I  NAME  s  RUI't JFtM.COM 

9  1 

3  1  TKIS  PROGRAM  SUBMITS  MULTIPLE  RU>!S  OF  JRMBOR.FOR.  NUMl  WHEN  DIVIDED 
9!  BY  TEN  IS  THE  STARTING  NUMBER  FOR  THE  X-AXIS,  AND  IS  THE  REAL  COMPONENT 
91  OF  IMPEDANCE.  IN  A  SIWILIAR  MANNER,  NUM2  WHEN  DIVIDED  EY  TEN  IS  THE 
9!  HIGHEST  POSITIVE  NUMBER  ON  THE  Y-AXIS.  IT  IS  THE  IMACINERY  COMPONENT 
91  OF  IMPEDANCE.  THIS  PROGRAM  WILL  SUBMIT  176  RUNS  OF  JRMBOR ,  16  VALUES 
91  FOR  X  AND  11  FOR  Y. 

91 

9tl99tt999.9$SS£$9$$$999$999:9S9St$99:t9t9X99:99999;t9»S9»99999999999:»SS99St99t9 

9-  NUUirf- 
9  NUMS=S 
9  LOOPN! 

9  IF  NUMl  .GT.  IE  THEN  GOTO  FlNl 
t  OPEN/WRITE  OUT  FILE  2LIST.DAT 
9  WRITE  OUT  F1LE~«’*NUM1'» 

9  WRITE  OUI'FILE  •**NUM2*« 
t  CLOSE  OUT'FILE 
5  frCHANGZ  ~ 

9  SUBMIT/NOPRINT/LOC=[DORNFEST.JRMTeSTl.JRMCYL.LOO  JRMBOR 
9  DELETE  ILIST.DAT;. 

9  NUM1»NUM1.<1 
9  GOTO  LOOPN 
9  FINl: 

9  NUM1=6 
9  NUU2=NUM2-1 

9  IF  NUM2  .CE.  -E  THEN  GOTO  LOOPN 
9  EXIT 
9 

9999999999t99S9$999999999999999tt99999999999999S9999999999999999999999999t9 


FIG.  3. 


COMMAND  FILE  SUOMITTING  MULTIPLE  RUNS 
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I M I  n  1 1 1 1 1 1  M  1 1 1  n  (( t  [  1 1 1  i  I M  M )  M 1 1 1 1 1  n  I  MHi !  1 1 1  i  HI  M  It  1  n  i  n  { I H I  n  !  1 1 1 1  i 

C  THIS  PROGRAM  RtiAOS  THt  UULTIPLt  JRWOUT.PLT  DATA  FILES  CRLAftO 

C  OUKINQ  MULTI^Lk  RUNS  OK  THL  MODIFIliD  JHMUOR  PROGRAM.  THIS 

C  PROGRAM  WilTLS  THt:  APPROPIATE  DATA  INTO  ONt  FILL  FOR  A  CONTOUR 

C  PLOT  PROGRAM  WRIITtN  USING  SOME  ROUTINES  FROM  DISPPLA  SOFTWARti, 

C  FROM  INTflEQKATLO  SOFTWARE  SYSTEMS  CORPORATION  OF  SAN  DI£Q0. 

C. 

n  I  I  I  H  i  M  I  I  11  I  1 1  I  H  1 1  n  1  f  M  t  I  n  i  I  1 1 1 1  1 1 1 1  M  1 1 1  H  1 11 1  1  H  I  H  H  I  1  1 1  I  I  I  I  I  I  I  I  I  I  I  M 


lie 

I 


C' 


300 

210 


220 


230 


1000 


DIMENSION  AMF(2},  FAI(2) 

CHARaCTCR*!  A1,  A2»  A3 
character* 3  A 
CHAKACTPKtU  U 

QP  (Uj^T  ■  U  ,  NAME* '  CTOURPLT  .DaT  ,  St  ATUS«  •  NEW  * ) 

TYPE  •,*ENTER  THE  H  OF  OAU  FILES  IN  SLT  TO  S£  SEARCHED 
head (5,0  N 

TYPt  •.‘ENTER  ANCLE  OF  INCIDENCE  Y/AnTCD* 

REAOCE.f)  angle 
ViRITE(ll,10O)  ANCLE 
FOHMATnX,  Fd.O) 

A1  ■  CrtAR(4S) 

A2  ■  CHAKC^U) 

JU  ■  40 
NlOOaN/lOO 
WAX1«40«N1OO 
NLO*N*N 
DO  1 

jji0o*jj/ioa 
Al«  CHAK(4H* JJIOO) 
jju«(jj>jji0o4i00)/ia 
A2  «CMAK(40*UJll5/ 

A3  «  CHAN(4ioJUO 
A«Al//A2//Ai 
U«'JHMKLV.OAT;  V/^ 

OPEN  (Ul^  1  T«  I D .  N  AUE«U .  STATUS*  *  OLD  *  HtADDliLY) 

CAUL  CI:T0ATA(ANGLE,R2,A2.AMP,FAZ) 

W«ITE(U,110)  R2,Ai.AMP(l).FAl(l5,AMP(2),FAI(2) 
F0RHAT(lX.6CF8.a))  ■» »  v  / 

CUOSECIO) 

CONTINUE 

CLQSE<10 

TYPE  4, ‘ALL  FILES  ACCESSED* 

END 


SUBhOUriHE  GE10ATA(AHG.X,Y,AUP,FA4) 

COMPLEX  2 

DIMENSION  AUP(l) ,KAZ(1) 

REA0Oe,2eo)0K 
FUKMAT(7A,Fll.O 
KliAD(10.2lO)  Z 

format  (l6X,ei2.6,lX,El2.6) 

X«KtAL(2) 

Y*A1UAG(2) 

REAu(10,22e)NANO 

F0RMAT(IX,I3) 

00  leoo  I*1,NAHQ 

REAO (10,230)  ANQl , S IQTT , FAZTt , SICf P .FAIPP 
FORUAT(IX,FO,3.2K,4  (F12.3.3X>) 
1F(ANC1.EQ,ANG)  then 
AMP(i)  •  sicrr 

SlGPP 
FAZTT 


AMP (2) 

FAZH) 

FAZ(2)  •FAZPP 
RETUUN 


END  IF 
IF  (l.EQ.  NANG)  THEN 

WKITe(5,«)  ‘THETa*' ,AUQ,*  NOT  F0W4>* 

FNU  IK 


CONTINUE 

RETURN 

£140 


FiG.  4A.  CODE  TO  COMPILE  DATA 
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ccccccececceeccccececcccccccccccccccccccccccccccccccccccccccccccccccceccccccc 


THIS  DATA  HAS  BEEN  f REPARED  FOR  THE  COLWTOUR  PLOT  PHOOKAU.  THE  AHQLE  USW 
IS  PKIWIEU  FIRST.  HEXT,  AFPEAKS  THE  REAL  AND  IHASIWERY  lUPtOAHCE,  AFTER 
THAT  IS  THE  WLITUBE  AND  PHASE  FOR  THETA  AKD  PHI.  (THIS  IHFORUATIOH  WOULD 
HAVE  TO  BE  STRIPPED,  IF  YOU  WERE  OBINQ  TD  THE  DAiA. 


cccccccctccccccccccccccccccccccccccccccccccctccccccccccccctEccccccccccccccccccc 


IM.fiAft 

426 

e.e6d 

600 

-7. nr 

-22. 

420 

-7. 

117 

-22. 

e.ieK 

600 

*6.01? 

-23. 

621 

-9.< 

017 

*21. 

621 

0.206 

S00 

-6.665 

*24. 

933 

-0. 

•86 

-24. 

933 

0.306 

500 

-0.716 

•  26. 

647 

•9. 

710 

•20. 

647 

6.406 

SM 

•10.606 

-26. 

062 

-10. 

609 

•26. 

063 

0.be6 

600 

*11.266 

-30, 

941 

-11. 

200 

•  30. 

841 

0.606 

S00 

-11.066 

-33. 

601 

-11. 

908 

*33. 

801 

0.700 

0 

660 

•  12.027 

•  36. 

319 

*12. 

027 

•  30. 

319 

0.600 

0 

660 

-11.333 

-39. 

370 

-13. 

233 

*39. 

370 

0.600 

0 

600 

•11.764 

-42. 

047 

-13. 

704 

-42. 

047 

1.000 

0 

660 

•14.276 

-46. 

096 

-14. 

276 

*40. 

995 

1.100 

0 

600 

-14.702 

-49. 

690 

-14. 

702 

•49. 

080 

1.200 

0 

666 

-l6 ,066 

-53. 

362 

•16. 

606 

•51. 

362 

3.300 

0 

600 

-16.3C3 

*67. 

069 

*1C. 

301 

*57. 

059 

1.400 

0 

660 

-1G.600 

•  06. 

749 

*16. 

699 

•60. 

749 

1.600 

0 

600 

-15.774 

•04. 

372 

*16. 

774 

*84  . 

372 

0.000 

0 

400 

-7,276 

•  16. 

210 

-7. 

276 

-10. 

210 

0.160 

0 

400 

*6.226 

-17. 

.629 

-9. 

226 

-17. 

.529 

0.200 

0 

400 

-0.140 

*19. 

.176 

*9. 

146 

-19. 

176 

0.300 

0 

400 

*•16.017 

•21. 

.136 

-10, 

017 

-21. 

.136 

0.400 

6 

406 

-10.166 

*23, 

.410 

*10. 

866 

•23. 

,410 

0.600 

• 

400 

•11.661 

-26. 

.966 

•  11. 

661 

•25. 

.956 

6.000 

0 

400 

-12.400 

-28, 

.660 

*12. 

.490 

•26, 

.856 

0.700 

0 

400 

-13.6U0 

-32, 

,014 

•13. 

.699 

•  82, 

.014 

0 

400 

-13.743 

-35. 
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DISK  12X1 

OVERLAY  CONTOUR  PLOT  OF  AMPLITUDE  &  PHASE  -  INCIDENCE  ANGLE  -  180 


FIG.  6C.  OVERLA'.  CONTOUR  PLOT  OF  AMPLITUDE  &  PHASE 
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Polarimetric  Scattering  and  Control  of  Radar 
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Asoke  K.  Bhattachaiyya 
Tel:  (505)  522-0468 

Department  of  Hectrical  and  Computer  Engineering 
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Las  Croces,  NM  88003-0002 

I.  ABSTRACT 

This  paper  atoesses  the  problem  of  electromagnetic  scattering  by  chiral  targets,  namely,  a 
sphere  and  a  cylinder  and  the  possibility  ofcontrolofradarcross  section  (RCS)  using  chirality.  It 
is  found  that  by  a  proper  choice  of  the  raidar  and  target  parameters,  one  cun  most  efficiently  control 
target  polarimetric  scattering  properties.  It  may  hie  possible  to  design  a  chiral  target  invisible  to 
radiu’  with  same  transmitting  and  receiving  polaiizations  since  most  of  the  energy  would  be  trans- 
foiincd  to  the  orthogonal  polaiization.  Codes  in  Fortran  for  chiral  sphere  and  chiral  cylinder  scat¬ 
tering  have  been  develop^.  The  chiral  cylinder  scattering  problem  has  been  extended  to  oblique 
incidence.  The  codes  dcveloi^  ate  handy  and  easy  to  use.  ITte  input  parameters  ate  radar  and 
target  parameters  including  chirality.  Thu  output  quantities  are  co  and  cross  pol  cross  sections  with 
any  combination  of  parameters. 

The  key  conclusions  of  this  study  are;  ( 1 )  the  scattering  properties  of  the  chiral  sphere  arc  aspect 
dependent  (2)  the  cross  polarization  component  can  be  considerable  for  a  chiral  scattercr  (3)  there 
could  be  a  significant  difference  in  the  copolur  cross  section  (i.e.  Sti  and  S22  art;  different)  and  also 
Sit  *  S22  for  a  chiral  sphere  (4)  with  the  chiral  cylinder  the  normal  or  near  normal  scattering  can  be 
rich  in  cioss-poi  component  and  (5)  these  simple  chiral  stnictutus  can  be  used  as  polarization  trans- 
funners. 

II.  INTRODUCTION 

The  subject  of  chiral  research  has  attracted  the  attention  of  some  workers  for  quite  sometime. 
Chirality  or  ’handedness’  stems  from  the  lack  of  bilateral  symmetry  of  an  object.  As  n  result  the 
medium  cannot  support  plane  polarized  wave  but  supports  two  oppositely  rotating  circularly  polar¬ 
ized  waves.  An  account  of  dural  research  is  given  in  1 1 ,2,3].  It  appears  to  the  author  that  sull  the 
chiral  research  has  not  matured  to  conclude  that  the  chiral  medium  can  be  successfully  used  in  radar 
systems.  Also,  chiral  codes  arc  not  readily  available.  The  motivation  of  this  work  is  to  study  EM 
scattering  from  chiral  simple  objects  and  develop  codes  for  the  same. 

HI.  KEY  EQUATIONS  IN  PROBLEM  FORMULATION 

Wc  provule  below  the  key  mathematical  equations  for  sphere  and  cylinder  scattering. 

The  far  zone  scattering  matrix  [S  ]  for  the  sphere  [4,5j  is- 


where  the  coefficients  are- 
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(2) 


Jin  =  Pi(cus  0)/sin  6  ''n  = 

d6 

where  the  necessary  parameters  arc  available  in  [4]. 

The  problem  of  chiral  cylinder  is  discussed  in  L6.7,8  j .  In  this  presentation  it  is  extended  to  a  general 
ease  of  oblique  incidence.  Assuming  a  z-directed  incident  wave  and  omitting  the  detailed  steps  the 
CO  and  cross  polarized  scattered  fields  canbe  shown  to  be  given  by- 
.(2), 


H®^(K2P)  Fn 


for  TM  polarization, 
for  TE  polarization  (3a-b) 


lc2=  1^  Cos  0;  Ij,  “  exp(-i(n  (jn-  k2  z  Sin  0))  cxp(i(Dl) 

The  cross  pol  components  arc- 

[-  <K2P)jFn  forTE 


= 


1 


-  '>2®  •’n 

in:” 


for  TM  polarization 


where  N^=  k ?/  k  o ;  K=  u,l/(i2  ib=E7a  =  krt  cos  0;  The  coefficients  an  and  can  be  found  from 
boundary  conditions. 


It  can  be  noted  hero  that  in  the  case  for  oblique  incidence  the  scattered  fields  are  superposition  of  TE 
and  TM  even  though  the  incident  fields  arc  pure  TE  or  TM.  This  is  umc  for  achiral  case  also. 

IV.  CODE  DEVELOPMENT,  RESULTS,  DISCUSSIONS  AND  CONCLUSIONS 
Computer  codes  developed  in  Fortran  are  strightforward  and  handy.  The  input  parameters  are 
radar  and  target  paiaincters.  The  target  parameters  include  chirality  of  the  material  of  which  the 
target  is  composed  of.  The  codes  have  been  run  for  many  combinations  of  parameters.  Some  re¬ 
sults  are  presented.  The  author  expects  to  project  many  more  results  during  the  session.  Fig.  1(a) 
and  1(b)  and  Fig.  2(a)-(b)  show  the  co- and  cross-pol  characteristics  of  a  chiral  sphere  with  differ¬ 
ent  parameters.  Fig,  3  through  5  show  the  properties  of  an  isotropic  infinite  chiral  cylinder  under 
different  constraints.  Ihe  key  observations  can  be  summarized  as  follows.  As  regards  chiral 
sphere,  the  scattering  properties  ore  aspect  dependent.  Ihe  cross  pol  components  could  be  signifi¬ 
cant.  There  might  be  an  appreciable  difference  in  the  conolar  cross  sections  with  i=j=l  and  with 
i=j=2  in  the  t  S]  matrix.  So  a  chiral  sphere  acts  quite  differently  for  copol  case  with  uansmitting  and 
receiving  polarizations  interchanged.  It  is  also  observed  that  with  other  parameters  remaining  con¬ 
stant,  the  crosspol  level  can  easily  change  by  as  much  as  50  dB  at  certain  aspects.  The  cross  pol 
level  also  vary  considerably  with  ka.  For  the  same  value  of  ka  the  cross-  pol  scattering  can  be  con- 
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siderably  stronger  than  copol  scattering.  As  regards  chiral  cylinder  scattering  (Figs.  3  through  5) 
the  following  observations  are  made.  The  nature  of  variation  of  TE  and  TM  cross  sections  are  con¬ 
siderably  different  than  an  achiral  case.  The  cross  pol  scattering  may  be  considerably  greater  for 
normal  incidence  than  copol  scattering  which  never  happens  in  the  ca.sc  of  achiral  cylinders. 

It  appears  to  the  author  from  this  limited  study  that  even  a  simple  chiral  targets  like  sphere  and 
cylinder  car.  prababily  be  used  as  a  polarization  transformer,  a  radar  clutter  simulator  etc. 
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Legends  to  the  Illustralions 

Q 

Fig.  1:  Variation  of  20  Log  jy  (I  Sijl )  with  aspect  angle  for  a  chiral  sphere 

(a)  a=  X;  =1.0;  =4.0;  a  =0.003;  p  =  0.(X)2 

(b)  a=  X;  p  J,  =1 ,0;  e  ^  =4.0;  a  =  p  =  0.002 

Fig.  2;  Co  and  Cross-polarization  Characteristics  of  the  Chiral  Sphere 

(a)  Crass  Polarization  Characteristics  of  Chiral  Sphere  Against  Aspect  Angle  With  Radius  As  a 
parameter;  a  =0.003;  3  =0.(X)2 

(b)  Variation  of  Co-  and  Cross-polarization  lojvcls  at  9  =0  with  ka(a  =0.1X)3;  P  =0.002) 

Fig.  3:  LogjQ  (I  EijI)  Versus  Aspect  Angle  for  a  Chiral  Cylinder;  f=10  GHz;  P  =  0.0045:  k  = 
6.28;  =2.56;  p^  =1.0 

Fig.  4:  Logjy  ( I  E^ijl)  versus  k^  a  for  a  Chiral  Cylinder  for  Nonnal  Incidence;  f=  10  GHz;  p 
=0.0045;  =2.56;  Pj^=L0 

Fig.  5:  Variation  of  Cross-pol  Components  With  Chirality  Parameters  With  0  =0  and  60  degrees; 
f=10  GHz;  koa=6.28; 

(a)  TE  Polarizauon  (b)  TM  Polarization 
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Fi».  1:  Variauoii  of  20  Log  (1  sfjl )  with  aspect  angle  for  a  chira.'  sphere 


ocMCt  ongl*.* 


(a)  Cross  PoUhraiion  Characteristics  of  Oiirai  Sphere  Against  Aspect  Angle  With  Radius  As  a 
parameter,  a  ^.003:  ^  Mi.QOl 


(b)  Vanaiion  ot  Co-  and  Cross-pobhzaiiofi  Levels  at  H  ^  with  ka(a  •4).003,  p  ■0.002) 


Fig.  2:  Co  and  Crass-polarizaiion  Chaiacteristics  of  the  Chiral  Sphere 
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SCATTERING  BY  SECTORED  CYLINDERS 
Benjamin  Rulf,  Grumman  Corporate  Research  Center,  Bethpage,  NY  11714 

Abstract: 

Plane  wave  time  harmonic  eloctromagnetic  scattering  by  a  perfectly  conducting 
sectored  cylinder,  shown  in  Figures  1(A)  and  (B),  is  analyzed  for  TE  and  TM 
polarizations.  Mono  and  bi-statIc  scattering  cross  sections  are  obtained  for  a  variety  of 
parameter  combinations.  The  sectored  cylinder  is  a  simple  model  for  a  body  with 
cavities. 

The  Problem: 

The  computation  of  scattering  by  large,  complex  and  composite  bodies  relies  on 
various  techniques,  such  as  high  frequency  asymptotics,  finite  difference  approaches, 
and  methods  based  on  Golerkin's  approach  (Method  of  Moments).  The  need  to 
validate  the  solutions  obtained  by  these  methods  against  some  known  ’'Canonical 
problems"  is  vital.  For  meaningful  comparisons  with  scatterers  that  are  non  convex  or 
have  open  cavities  the  canonical  shapes  should  also  posses  such  features.  Solutions 
of  canonical  problems  are  also  needed  as  benchmarks  against  which  the  speed  (and 
other  features)  of  various  approximate  methods  can  be  compared. 

Objectives: 

We  look  for  solutions  of  canonical  problems  that  can  model  non  convex  bodies 
and  bodies  with  cavities.  Such  solutions  should  not  require  physical  or  geometrical 
approximations  or  some  a-priori  knowledge  (such  as  a  clever  "Ansatz").  The  reason  is 
that  the  physical  and  geometrical  approximations  that  are  required  in  various  methods 
often  give  rise  to  errors  that  cannot  be  quantitatively  estimated.  Also,  there  are  no 
systematic  ways  for  guessing  a  onob  "Ansatz".  On  the  other  hand,  it  may  be  possible 
to  find  quantitative  error  bounds  if  only  mathematical  approximations  ai-o  use,  j,  such 
as  the  summation  of  Infinite  series  or  the  colution  of  infinite  systems  of  linear 
equations.  Also  the  speed  and  accuracy  do  not  depend  on  how  good  an  a-priori 
guess  wo  found. 

Approach: 

The  method  we  use  Is  a  generalized  and  somewhat  cimplifled  version  of  [1]. 
We  shall  outline  the  approach  here,  but  omit  many  details  which  will  appear  in  [2]. 


351 


The  time-harmonic  electromagnetic  tield  in  two  dimensions  can  be 

derived  from  a  single  scalar  function  u(r,  0).  In  the  case  of  TM,  or  perpendicular, 
polarization  we  let 


and 


w  -  J_  H  - 

(op.  r  ^  (OfX  or 

f^^]u  =  0  ,k.= 


(1) 

(2) 

(3) 


On  ihe  scatterer's  perfectly  conducting  surface  we  enforce  the  Dirichlet  condition 

u=0  on  S,  (4) 


and  on  the  arc  r»>a,  0  <  |^|  <  y/ 


du 

u  and  — ■  ‘tra  continuous. 
dr 

We  assume  a  plane  wave  excitation  in  the  form 


(5) 


u'"  =  exp[ikrcos  (0- ^')]=  Jn  (kr)  exp(in  0),  (6) 

/J=:-oo 

Pn  =  [i  exp(-i  0')]".  _  (7) 

The  case  of  TE,  or  parallel,  polarization  is  analogous,  with  (4)  replaced  by  a  Neumann 
condition.  The  details  will  bo  given  in  [2]. 

We  now  write  in  Region  1 

u=uin+us  (8) 
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where  u*'^  is  given  by  (6)  and 


oa 

u®=  X  An  Hn  (kr)  exp(in  «!>). 

rt— — *0 


(9) 


Here  An  are  numerical  coefficients  tliat  have  to  be  computed,  and  Hn  (kr)  is  the  Hankel 
function  of  iho  second  kind  (which  assures  ttiat  u®  satisfies  the  radiation  condition  at 
r 00).  For  the  Bessel  and  Hankel  functions  we  use  the  excellent  code  developed  by 
D.  Amos  of  the  Sandia  National  Laboratory  [3].  For  the  asymmetric  case  of  Figure  1  (A) 
we  write  in  Region  2 


OCi 

Bj  ('■■‘5)  sin  +  »//)].  (10) 

7=1 

where  Bj  are  numerical  coefficients,  and 

0;'=./^  s--7r/2vA  ;  =  (11) 

We  also  choose 

(12a) 

F,  (r,0)  =  Jj.  (p). 

where  p=kr  and  p-kb.  These  choices  assure  that  u  satisfies  (4)  on  the  conducting 
boundaries  of  Region  2,  On  we  must  satisfy  (5)  at  the  interface  between  the 
regions,  and  (4)  on  the  oonducting  body.  This  im*''  s 

cy 

”  (13) 

5^ Bj  h){aj>)sin[j^{4  +  vr)|  for |0| <  w, 

=  •  7-1 

0  for  Xjf  <\ip\<  K. 
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(14) 


//„(«)  +  <?«  J„{a)\exp{in<l))~ 

n=—oo 

OQ 

=  S +  V^)] 

M 


^  I 

where  a  ska  and  t’=-^ 
dr' 


r=a 


We  use  now  the  following  notation  for  the  orthogonality  of  the  angular  functions: 


7t 

-n 


V' 


<8j^St>^  j  8j{<!>)8i{<l>)d<t>, 

(16) 

~¥ 

<exp(-im^),  sinO^(^  +  V'’)]>=»<m,j>. 

(17) 

«exp{in^),  exp(-im0)»=27rfS„ 

(18) 

<sin  +  f  )],  sin 

(19) 

'mi'  ^  ri  '■  1 

(20) 

Using  these  relations  and  notation  we  can  eliminate  the  coetllcients  Bj  irom  {1 3)  and 
(14)  and  obtain  an  infinite  system  of  iinoar  equations  for  An  in  the  form 
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oo 

Am  Hni  (0!)+C|m  Jm  (0!)  =  ^  [An  (0!)+qn  (o:)]Rm,ti  m=0,±1,±2.  (21) 

n=-oo 


R, 


m,n 


J_y 

27Ctfr^^  F.(a,b) 


<mJ><-n,J> 


(22) 


If  this  infinite  system  is  truncated  at  n=>M,  where  M  is  appropriately  chosen,  then  we 
have  in  (21  ]  a  set  of  2M'f  1  equations  which  can  be  solved  for  An,  -Mr^n^M.  It  can  be 
shown  that  the  coefficients  An  become  very  small  when  \n\>lca.  Clearly  we  need  to 
set  M>ka.  but  we  have  not  yet  found  out  how  to  choose  a  minimal  M  for  any 
combination  of  the  parameters  (a.Z),  A  and  y/).  In  all  the  cases  we  ran  we  saw  that 
when  M~  2ka  the  solutions  do  not  change  significantly  anymore.  This  means  that  wo 
solve  4ka+^  equations  to  get  good  accuracy.  More  work  is  needed  to  quantify  the 
dependence  of  errors  on  the  choice  of  M.  We  also  need  to  truncate  the  sum  in  (22)  at 
a  point  j=L.  It  can  be  derived  from  (12),  (20)  and  (22)  that  when  »M  the  sum 

converges  like  [j^)  .  Thus,  for  a  given  angle  y/  we  cab  choose  a  truncation  limit  L 
and  estimate  the  remainder  of  the  series  (22)  quite  accurately.  We  have  obtained 
good  results  choosing  S  250  In  all  the  cases  we  ran.  The  choice  of  L  is  not  critical 
in  terms  of  the  effect  on  computing  time,  but  here  too  some  additional  experimentation 
is  recommended. 


When  the  scatterer  is  symmetric,  as  shown  in  Figure  1(B),  the  procedure  is 
similar  and  the  result  Is  that  Rm,n  is  replaced  by  Rm.n[1+(-1)"’'^"]’  An  analogous 
analysis  for  the  TE  case  will  not  be  shown  here  but  can  be  found  in  [2], 

The  scattering  width  (SW)  is  given  by 
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2 


fT(4>,<p')=  Urn  (2;n-)-L-L 


in 


M 


n=-M 


(23) 


When  ^  -  <p'  this  represents  the  mono-static  SW.  otherwise  it  is  the  bi-static  SW. 

Eroarflaai 

We  have  developed  a  computer  program  called  SECTOR,  based  on  the  above 
analysis,  which  computes  the  mono  or  bi-static  SW  ot  sectored  cylinders,  symmetric  or 
asymmetries,  for  either  TE  or  TM  polarization. 

To  validate  the  results  we  have  performed  a  number  of  tests.  First,  we  have 
built  In  with  each  computation  of  the  An  coefficients  of  a  sectored  cylinder  a 
computation  of  the  coefficients  Cn  of  the  corresponding  solid  cylinder.  These  are 
given  by 


{q„  J„{cc)  /  H„{a),  for  TM  polarization, 

-Cn  =  1  .  ,  .  (24) 

polarization. 

Clearly,  when  y/  is  very  small,  ka  is  large,  and  the  incident  wave  does  not  illuminate 
the  missing  sector,  we  expect  the  numerical  difference  between  An  and  Cn  to  be  very 
small.  This  indeed  was  observed  in  all  the  tests  that  were  run. 

Another  important  test  was  the  computation  of  the  SW  of  a  conducting  strip, 
which  is  a  special  case  of  Figure  1(B)  when  b=0  and  t/r  — >  jtl2.  Several  cases  of 
mono  and  bi-static  SW  of  strips  wore  compared  with  known  solutions  [4],  Agreements 
were  usually  within  1%. 

Results  and  Conclusions: 

Following  are  some  figures  that  show  computed  results  of  the  SW  of  large 
sectored  cyl.nders  with  large  cavities.  Figures  2(A)  and  (B)  show  the  monostatic  SW  of 


356 


a  corner  reflector  that  is  embedded  in  a  cylinder.  The  geometrical  parameters  are: 
a=1.0  m,  b=0,  psi=45°  and  the  frequency  is  1.67  GHz  {ka=35).  The  typical  wide  lobes 
in  the  directions  around  fj)=0°  are  apparent  in  both  polarizations  though  the  detailed 
structures  of  the  lobes  are  slightly  different  due  to  the  difference  in  the  TE  and  TM 
diffraction  phenomena.  The  projected  aperature  has  a  width  of  w  =1.414  m  at 
broadside.  Physical  optics  (PO)  predicts  SW  =  kw^  =  70  m  at  the  peak  for  both 
poiarizations.  The  actual  values  are  slightly  lower  as  a  result  of  interference  between 
the  various  field  constituents  i.e.  reflection  form  the  corner  reflector  and  diffraction  from 
the  two  edges  and  the  smooth  part  of  the  cylinder.  In  both  poiarizations  wo  notice  a 
sharp  spike  about  (j)  =  45°.  Again,  according  to  PO  prediction  these  peaks  should  be 
35  m  for  both  poiarizations  but  are  in  effect  somewhat  higher  due  to  interference 
effects.  The  computed  TM  peak  values  are  closer  than  the  TE  values  to  the  PO 
predicted  peaks  at  0°  and  45°.  As  the  angle  of  incidence  increases  further,  the 
structure  appears  more  and  more  like  a  solid  cylinder,  especially  in  the  TM  case. 
When  the  incident  wave  comes  from  the  back  quarter  (^>135°)  the  missing  sector  is  in 
the  deep  shadow  and  the  structure  is  indistinguishable  from  a  solid  cylinder.  Figure 
3(A)  shows  the  bistatic  SW  for  the  same  corner  reflector  when  the  angle  of  incidence  is 
<p  =  0°.  The  sharp  spike  in  the  forward  direction  (<p‘  =  180°)  is  typical  for  a  large  solid 
cylinder  and  is  not  much  affected  by  the  presence  of  the  corner  reflector.  In  order  to 
demonstrate  this  we  show  in  Figure  3(B)  the  ratio  between  the  bistatic  SW  of  the 
structure  and  that  of  a  solid  cylinder.  The  corner  reflector  causes  a  large  enhancement 
of  the  SW  in  the  backward  direction,  but  in  the  forward  direction  the  ratio  approaches 
unity,  i.e,  the  structure  is  indistinguishable  from  a  solid  cylinder.  Figures  4  and  5  show 
the  monostatic  SW  of  a  sectored  cylinder  with  a=1.0  m,  b=0.4  m,  and  psi=12°.  The 
frequency  yields  ka=26  in  Figure  4  and  ka=42  in  Figure  5.  Even  though  it  is  a  fairly 
simple  structure,  the  patterns  are  not  easy  to  predict  since  they  represent  the 
combined  effects  of  several  wave  phenomena  such  as  diffraction  by  smooth  bodies, 
edge  diffraction  and  the  effects  of  a  large  open  cavity.  In  all  these  figures  we  show  the 
ratio  of  the  structure's  SW  to  the  SW  of  the  corresponding  solid  cylinder  for  angles  of 
incidence  between  0°  and  90°.  We  see  that  cross  section  enhancements  of  up  to  a 
factor  of  5  may  occur.  Without  this  computer  program  it  would  be  difficult  to  predict  at 
what  angles,  frequencies  or  polarizations  these  peaks  should  be  expected. 

We  conclude  with  the  observation  that  the  reported  work,  and  its  future 
generalizations,  serve  two  important  purposes.  One  is  simply  to  serve  as  an  accurate 
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and  reliable  benchmark  for  testing  other  numerical  codes  that  analyze  scattering  by 
certain  complex  bodies.  With  some  additional  work  the  code  SECTOR  may  become  a 
useful  benchmark  code  for  large  bodies  with  cavities,  such  as  jet  engines  etc.  The 
other  purpose,  which  has  not  been  exploited  yet,  may  be  the  more  interesting  one:  by 
doing  an  extensive  parametric  study  of  results  that  this  program  vrould  yield  we  may 
broaden  and  deepen  our  understanding  of  the  various  interacting  wave  processes  that 
cccur  in  scattering  by  such  bodies. 


[1]  J.B.  Billingsley  and  G.  Sinclair:  "Numerical  Solutions  to  Electromagnetic 
Scattering  from  Strips,  Finite  Wedges  and  Notched  Circular  Cylinders",  Can.  J. 
Phys.  M.  3217-3225  (Dec.  1966). 

[2]  B.  Rulf:  “Scattering  by  Sectored  Cylinders,"  submitted  for  publication 

[3]  D.  Amos,  ACM  Trans.  Math.  Soiiware  12  (3),  265-272  (1986) 

[4]  G.T.  Ruck  et  al:  "Radar  Cross  Section  Handbook”,  Plenum  Press,  New  York, 
1970. 
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KIGURE  1  (B)  THE  SYMMETRICAL  SECTORED  CYLINDER 


0.0  7.5  15.0  22.S  30.0  37.5  <5.0  52.5  SO.O  67.5  7S.0 


2-D  BHCKSCRTTERING  CROSS  SECTION  OE  fl  SECTORED  CYLINDER 
RSYHMETRIC  PERPEND I CULRR  POLAR  I ZHT ION 
PSI  -  -iS.OOO  (DEG)  R  -  1.000  IM!  B  -  0.000  (Ml 

FREOCONST-  1.6701  GHZ  1  GRMCUNST  -  0.0001  DEGREES  1 


FIGURE  2  (A)  CORNER  REFLECTOR  EMBEDDED  IN  A 
CYLINDER  WITH  A=1.0  M,  B=0,  PSI=  45  DEGREES 
KA=35.  MONOSTATIC  SW,  TM  POL. 
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2-0  BflCKSCriTTERlNG  CROSS  SECTION  OF  fl  SECTORED  CYLINDER 
RSYMMETRIC  PnRRLLEL  POUnRIZOTION 
FSI  -  •15.000  lOEGI  fl  -  1.000  IM)  8  -  0.000  IM) 

EREOCCNST*  1.6701  GHZ  )  GOMCONST  -  D.OOOl  DEGREES  ) 


FIGURE  2  (B)  SAME  AS  FIGURE  2  (A)  BUT  WITH 
MONOSTATIC  SW,  TE  POL. 
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2-0  BBCKSOflTTERlNS  CROSS  SECTION  OF  R  SECTORED  CYLINDER 

HSVHHETRIC  PERPENDICULRR  POLRRIZRTIDN 

PSl  -  15.000  (DEG)  fl  -  1.000  IHl  0  -  0.000  (H) 

FREQCONST-  1.6701  GHZ  1  GRHCDNST  -  O.OOOl  DEGREES  1 

5  o  -  SECTORED  CYLINDER  SW 

S' 

e 

0.0  IS.O  30.0  ts.o  EO.O  73.0  IIO.O  1DS.D  120.0  135.0  150.0  155.0  IIO.C 

PHI  (  DEGRCES  ) 


FIGURE  3  (A)  SAME  CORNER  REFLECTOR  AS  IN  FIG.  2 
BISTATIC  SW.  TM  POL. 


FIGURE  3  (B)  RELATIVE  BISTATIC  SW,  TM  POL. 
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RATIO  or  SE07CR/SOLIO  SH 

2.Q  3-Q  4,3  S.a 


FIGURE  4  (A)  SECTORED  CYLINDER,  A=1.0  M,  3=0.4  M, 
PSI=12  DEG.,  F=1.25  GHZ  (KA=26),  MONOSTATIC  SW 
TM  POL. 
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3-0  BRCKSCniTERlNG  CROSS  SECTION  OF  R  SECTORED  CYLINDER 
R3YHHETRIC  PRRRLLEL  PQLRRIZRIION 
PSI  -  13.0  (DEO)  R  -  1.0  IH)  S  -  0.4  IH) 

FREOCONST-  1.2501  GHZ  I  GRHCONST  -  D.OOQI  DEGREES  I 

°  g  -  SECTGRED/SOLID  CYLINDER  RRTIQ _ 


RATIO  OF  SECTOR/SOLIO  SW 

2.0  3.0  «.0  S.O 


2-0  BnCKSCniTERINa  CROSS  SECTION  OT  fl  SECTORCO  CTLINOER 
ftSTHMETRIR  PERPCNOICULfiR  POLAR  I ZRT I  ON 
PSl  -  12.0  lOEGJ  A  «  1.0  (HI  B  -  0.1  (MI 

PREOCONST-  2.0QOI  GHZ  I  BAMCONST  -  O.OOOI  DEGREES  I 


FIGURE  5  (A)  SAME  CONFIGURATION  AS  r  FIGURE  4 
WITH  F=2.0  GHZ  (KA=42)  TM  POL. 
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RfiTIG  OF  SlOTCR/SOLIO  SH 


2-D  BfiCKSCRTTCRINS  CROSS  SCCTION  OF  fl  SECTORED  CYLINDER 
fiSYHMETRIC  FRRnLLEL  POLORIZOTIDN 
PSI  -  12.0  (DEGI  n  -  1.0  (Ml  B  -  O,^  (Ml 

FREQCONST-  2.0001  GKZ  1  GOMCONST  -  0.000(  DEGREES  1 
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Abstract-At  HF  frequencies  a  typical  aircraft  is  comparable  to  the  wavelength  in  size.  Wire-grid 
modelling  permits  a  detailed  representation  of  the  aircraft  geometry.  A  moment-method  code 
such  as  the  Numerical  Electromagnetics  Code  detemtincs  the  curretits  flowing  over  tlic  aircraft 
and  its  radar  cross-section. 

This  paper  proposes  a  set  of  "wire-grid  guidelines"  for  constructing  grids  of  complex  sur¬ 
faces  such  as  aircraft.  Estimates  of  the  frequency  range  over  which  the  grid  is  valid  are  pro¬ 
vided.  These  guidelines  arc  applied  to  model  a  cube,  showing  good  agreement  with  the  mea¬ 
sured  RCS,  and  demonstrating  the  validity  of  the  bandwidth  estimate. 

Aircraft  carry  1  IF  antennas  for  communication  purjtoscs.  A  strip  scattcrer  and  a  cylinder 
scatterer  ore  modelleu  witiiout  and  with  a  wire  "antenna"  to  detennine  the  effect  of  the  wire  on 
tlie  RCS.  At  frequencies  making  die  wire  odd  multiples  of  the  quarter-wavelength,  the  wire 
against  the  strip  or  cylinder  as  "ground"  is  resonant,  and  the  wire  has  a  large  effect  on  the  RCS. 
Good  agreement  between  measurements  and  computations  is  shown. 


Introduction 

Coastal  radar  operating  at  ilF  frequencies  has  the  potential  of  covering  vast  areas  of  ocean 
from  a  single  station.  The  ground  wave  at  HF  adheres  to  the  air-ocean  interface  and  it  may  be 
possible  to  sec  aircraft  and  ships  that  are  "beyond  the  horizon"  with  HF  ground-wave  radar.  The 
aircraft  of  Fig.  1  is  a  complex  target  for  the  detennination  of  radar  cross-section.  The  aircraft  is 
about  30  tn  lung  and  so  HF  frequencies  the  aircraft  dimensions  arc  comparable  to  the  wave¬ 
length.  The  computer  ttiodel  must  represent  the  entire  aircraft,  allowing  each  part  to  interact 
with  every  other  part.  Tltc  aircraft  carries  wire  antennas  for  HF  communication.  An  objective  of 
this  work  is  to  study  the  effect  of  the  wire  antennas  on  the  radar  cioss-section  of  the  aircraft. 

Wire-grid  modelling  allows  a  detailed  model  of  the  entire  aircraft  to  be  constructed  and 
solved.  The  surface  is  approximated  by  replacing  it  with  a  grid  of  thin  wires.  Ideally,  tue  wires 
are  positioned  in  two  orthogonal  directions,  subdividing  the  surface  into  square  cells  or  meshes. 
The  wire  radius  is  then  related  to  the  area  of  the  adjacent  meshes  by  the  "equal-area  rule"!  I). 

The  currents  on  a  grid  of  thin  wires  can  be  found  by  solving  a  ihin-wire  electric  field  integ¬ 
ral  cquittion(EFin)  by  the  moment  nietho  '12,31.  This  project  uses  the  well-known  "Numerical 
ElecUomagnctics  Code"(NEC)14,5].  The  derivation  of  the  thin-wire  EFIE  and  its  solution  by  the 
moment-method  lead  to  certain  restrictions  which  the  wire-grid  must  satisfy.  Ref.  |6J  collects 
these  restrictions  as  "NEC  modelling  guidelines"  from  references  [4,5,7].  For  the  present  pur¬ 
pose  the  essential  rcsuictions  arc  the  following.  In  order  that  the  wires  "thin",  the  wire  radius 
should  be  less  than  X/30.  Each  wire  must  be  subdivided  into  "segments”,  which  arc  comparable 
to  X/10,  although  sometimes  segments  us  long  as  X/S  are  allowable.  Burkc[7]  suggests  that  seg¬ 
ments  be  maintained  shorter  than  0. 14X..  Other  restrictions  on  the  ratio  of  the  segment  length  to 
the  wire  radius,  on  wire  junctions,  and  wire  spacing  are  reviewed  in  refen;nce[6]. 

This  work  was  supported  by  the  Uefci'cc  Rescaich  Establishment,  Ottawa  under  contract  number 
W7714-9-9216/0i-SZ,  under  the  technicu!  .■'Ujwrvi.sion  of  Dr.  Tim  Coyne. 
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Modelling  Complex  Surfaces 


Tlie  wire-grid  modelling  guidelines  of  Table  1  are  intended  to  aid  in  replacing  a  complex 
surface  such  as  the  aircraft  by  an  "equivalent"  grid  of  wires.  Guidelines  1, 2  and  3  lecommcnd 
that,  ideally,  the  surface  should  be  represented  by  an  orthogonal  grid  of  wires  with  square  cells  of 
uniform  area  throughout  the  grid.  This  is  straightforward  for  regular  objects  such  as  plates, 
strips  or  cubes.  An  object  of  vai7ing  cross-sectional  size,  such  as  the  aircraft  fuselage  or  wings 
in  Fig.  1,  cannot  use  uniform,  square  cells.  The  number  of  cells  must  be  increased  as  the  cross- 
sectional  size  increases,  to  keep  the  segment  length  on  the  cross-sections  close  to  the  nominal 
value.  This  creates  "transitions"  from  fewer  to  more  cells  in  the  tapered  regions.  Guideline  4 
recommends  "elegant  uansitions"  which  provide  plausible  paths  for  current  flow  at  such  a  taper, 
by  using  some  triangular  cells.  No  axial  wire  is  permitted  to  end  abruptly  at  a  circuntfcrential 
wire.  Instead,  a  diagonal  wire  must  be  provided  to  cany  current  to  a  nearby  vertex. 

Fig.  1  shows  "elegant  transitions"  in 
the  wings,  from  4  cells  across  the  wing, 
to  3  cells,  then  to  2  cells.  These  trans¬ 
itions  are  used  to  keep  tfie  cell  area 
approximately  constant  over  the  entire 
wing  surface.  Each  transiuon  uses  a 
uriangular  cell  to  combine  currents 
flowing  from  the  wing  base  toward  the 
tip  on  two  parallel  wires  into  current  on 
a  single  wire. 

Guideline  S  recommends  that  wires 
be  put  where  current  is  expected  to 
flow.  For  example,  around  the  "attach¬ 
ment  point"  of  the  wire  antenna  to  the 
fuselage  grid,  cutrent  is  expected  to 
flow  radially  in  the  aircrai't  skin.  This 
radial  current  flow  has  been  supported 
with  a  set  of  8  radial  wires  at  the  "at¬ 
tachment  point"  of  each  wire  antenna. 

A  "match  point  error"  occurs  when 
the  centre  of  a  segment  lies  inside  the 
volume  of  another  wire[6].  Guideline  6 
forbids  wires  that  meet  at  shallow 
angles,  with  the  associated  "match  point 
error".  Guideline  7  explicidy  forbids 
configurations  including  match  point 
errors,  and  is  there  as  a  reminder  of  the 
restrictions  on  the  wire  geometry  dis¬ 
cussed  in  [6]. 

Fig.  1  A  wire-grid  representation  of  an  aircraft.  Once  a  grid  has  been  arrived  at,  a 

radius  must  be  specified  for  each  wire, 

and  Guideline  8  recommends  that  the  "e^ual-area"  radius  rule  be  used.  A  version  of  the 
"equal-area  rule"  applicable  to  general  gnds  is  presented  in  a  companiort  papcr[8]. 

Guideline  9  addresses  the  problem  of  grid  cells  of  small  periphery  in  terms  of  the  wave¬ 
length.  Sometimes  NEC-3  will  compute  large  circulating  currents  on  such  cellsl?].  The  authors’ 
experience  is  that,  as  a  ru’.e-of-thumb,  cell  peripheries  longer  than  X/25  are  safe.  Models  with 
smaller  cells  should  be  examined  carefully  for  circulating  currents 

This  paper  examines  wire-grid  models  that  have  b^n  derived  with  the  guidelines  of  Table 
1  in  mind,  and  which  use  the  "equal-area"  radius[81.  Models  have  been  verified  for  "integrity" 
with  program  CHECK[61.  The  currents  and  scattered  fields  are  found  with  NEC-3t2,3]. 
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Table  1 

WIRE  GRID  GUIDELINES 


1 .  Use  a  rectangular  grid  of  wires  oriented  parallel  to  edges,  with  wires  along  edges. 

2.  Choose  the  segment  length  equal  to  VlO  at  the  highest  frequency  of  the  band.  Keep 
the  area  of  the  grid  cells  comparable  to  (X/10)’. 

3.  Keep  grid  cells  square.  Keep  the  cell  area  constant,  hence  segment  length  constant, 
throughout  the  grid. 

4.  Provide  elegant  transitions. 

5.  Put  wires  where  current  is  expected  to  flow. 

6.  Avoid  wires  meeting  at  very  shallow  angles. 

7.  Keep  the  center  of  any  segment  outside  the  volume  of  any  other  segment. 

8.  Use  the  ’’equal-area  rule"  radius. 

9.  All  meshes  in  the  grid  must  have  peripheries  longer  than  X/25. 


Frequency  Lirnitniions 

A  wire-grid  mesli  is  a  valid  representation  of  a  solid  object  over  a  limited  bandwidth.  This 
section  provides  estimates  of  the  lower  and  upper  frequency  limits. 

If  the  shortest  mesh  peripliery  in  the  model  is  then  tlie  frequency  where  the  mesh  path 
of  length  L„,i„  is  V25  is  given  by 

MHz 


At  frequencies  less  than the  cuiTcnts  on  the  model  should  be  inspected  for  large  currents  on 
individual  small  meshes. 

Table  1  requires  that  the  segments  be  shorter  than  X/10,  and  thus  the  model  has  its  best 
performance  up  to  the  frequency  given  by 


.21 


MHz 


where  is  the  longest  segment  length  in  the  model.  The  model  is  often  useful  up  to  a  fre¬ 
quency  where  the  longest  segment  is  Xl5,  given  by 


Jl4B 


60 

A™. 


MHz 


However,  Burkc[7]  suggests  that  NEC’s  solution  not  be  used  above  the  frequency  where  the 
longest  segment  is  0.14X.  For  scattering  purposes,  wire-grid  models  often  generate  useful  results 
at  frequencies  above  but  few  are  useful  above  In  a  well  designed  wire  grid,  the  longest 
segment.  A„,„  is  not  very  much  longer  than  the  average  segment  length,  A„.  Then  as  the  fre¬ 
quency  increases  all  the  segments  in  the  model  tend  to  become  ’’too  long’’  at  a  similar  frequency. 
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li  ihe  longest  mesh  periphery  in  the  mode!  is  then  the  model  is  limited  to  frequencies 
below  /^,  given  by 


300 


MHz 


At  this  frequency  the  longest  mesh  periphery  is  equal  to  one  wavelength.  Above  this  frequency 
the  lung  mesh  path  may  &  found  to  exhibit  loop  resonance.  Then  that  .nesli  will  be  seen  to  carry 
a  large  curtent  with  a  standing-wave  pattern  like  that  on  a  simple  one-wavelength  loop.  >'  a 
well-designed  wire-grid, is  larger  than/^^.  But  in  a  poorly  designed  grid  which  ha.s  a  lew 
exceptionally  long  mesh  paths, can  be  a  significant  limiting  factor. 

The  thinness  of  the  wires  can  be  limit  the  bandwidth.  If  is  the  largest  wire  radius  in 
the  model,  then  to  keep  this  radius  thinner  than  X/30,  the  frequency  must  be  less  than 


If  the  equal-area  radius  is  used  on  square  grid  cells  of  side  length  A,  then  the  wire  raduis  is  A'2ii, 
and  the  ihin-wite  frequency  limit  is  f^,  =  62.8/A  and  is  approximately  equal  to  the  segment 
length  frequency  limit  =  60/A. 

It  is  sometimes  useful  to  estimate  the  bandwidth  of  a  wire  grid  based  on  the  average  or 
"tiKan"  segment  length,  rather  than  the  longest  segment.  Thus  to  keep  the  mean  segment  length 
A„  shorter  than  X/S,  the  frequency  must  be  less  than 


J** 


A^ 


MHz 


For  scattering  purpo.ses,  a  wire-grid  is  expected  to  generate  good  results  up  to /Jj],  poorer  but  use¬ 
ful  results  up  and  ptxtfcr  but  still  useful  results  to/ii’.  However,  above the  grid  is 
certainly  not  useful.  These  limits  will  be  illustrated  by  the  wire-grid  models  presented  below. 

Fuc«-on  Incidence  on  a  Cube 

1-ig.  2  shows  the  a  grid  model  of  a  perfectly  conducting,  15  m  cube.  The  cube  uses  seg- 
nrents  of  length  2. 14  m,  for  a  total  of  588  segments.  The  cube  grid  is  expected  to  be  useful  up  to 
=  28  MHz.  for  segments  shorter  than  one-fifth  of  the  wavelength.  The  meshes  of  the  grid  arc 
one-wavclcngih  long  at/^,  =  35  MHz.  The  grid  is  thus  expected  to  be  useful  up  to  a  cube  size 
corresponding  toyjjj  of  about  1 .4X,  but  not  beyond  a  cube  size  corresponding  to  /^*  of  1 .75X. 

fig.  3  compares  the  computed  cube  RCS  with  measurements  by  Yaghjian  and 
McCahan|9,10|.  Fig.  3  shows  surprisingly  good  agreement  of  the  wire  grid  result  well  beyond 
Indeed  the  wire-grid  mtxlel  is  seen  to  fail  gracefully  and  generates  reasonable  results  at 
double  the  frequency.  This  is  not  generally  true  for  wire-grid  models. 
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The  cube  cavity  has  a  rich  spectrum  of  internal 
resonances  starting  at  size  0.707A„  The  wire  grid 
result  is  expected  to  fail  at  the  internal  resonant 
frequencies  of  the  cube,  but  the  data  of  Fig.  3 
shows  no  sign  of  the  dramatic  failure  often  assoc¬ 
iated  with  the  internal-resonance  problem. 

The  Yaghjian  and  McGahan  measured  data  of 
Fig.  3  was  used  to  validate  Mishra’s  measurement 
procedure  at  the  David  Florida  Laboratory(DFL). 
The  measurements  are  taken  in  a  20  foot  ancchoic 
chamber,  with  an  HP  8510  network  analyzer, 
using  horn  antennas  for  the  8  to  12  GHz  frequency 
range.  The  target  is  mounted  on  a  styrofoam  col¬ 
umn,  and  tltree  measuiements  are  taken:  column 
alone,  column  with  reference  7  cm  sphere,  column 
with  target.  The  exact  Mie  series  solution  for  the 
RCS  of  the  spherc|3]  is  used  to  derive  a  coircction 
factor  accounting  for  the  frequency  response  of  the 
horns  and  cables.  Then  the  room  and  column 
response  are  vector-subtracted  from  the  target  plus 
room  plus  column  response,  to  determine  the  RCS 
of  the  target.  The  frequency  range  of  the  measure¬ 
ment  will  be  extended  with  -vider-bandwidth  horn  antennas. 

In  Fig.  3,  cubes  of  sizes  1.24  cm,  2.466  cm  and  7  cin  were  measured  from  8  to  12  GHz  to 
obtain  the  RCS  in  three  size  ranges.  In  all  three  cases  the  RCS  lies  close  to  Yaghjian  and 
McGahan's  measurement. 

o  o  o  Manuurad,  Yaghjian  t.  McGahon 
-  OFL  MERSURED 


Fig.  3  Comparison  of  wire-grid  results  with  measured  data  for  the  cube. 


Fig.  2  A  wire-grid  of  a  cube  with  a  plane 
wave  incident  on  one  face. 
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Vertex  Incidence  on  a  Cube 


Fig.  4  A  plane  wave  incident  upon  one 
vertex  of  a  cube. 


Ludwig[l  1]  reports  rneasure.-nents  by  Fleshcr 
of  the  RCS  of  a  cube  with  a  plane  wave  incident 
upon  one  vertex,  as  shown  in  Fig.  4.  The  cube  has 
veitices  on  the  z-axis  and  the  x  axis,  with  tlie 
plane  wave  incident  upon  a  veitex  of  the  cube. 

Fig.  S  compares  tii^  calculated  cube  RCS  with  Fle- 
shcr’s  measurements.  Up  to  the  ftequency 
where  the  segments  are  onc-tenth  of  the  wave¬ 
length,  the  agreement  is  very  good.  Between  that 
frequency  and  the  frequency  where  the  seg¬ 
ments  are  one-fifth  wavelength,  the  agreement  is 
poorer  but  the  model  is  still  useful.  Above 
where  the  meshes  are  longer  than  a  wavelength, 
there  is  little  agreement.  Thus  the  comparison 
clearly  demonstrates  that  wire-grid  mo^ls  should 
not  be  used  above /^j. 


0  0  0  Haa«urad  (Fleaher/Gcntrol  Riaiorch  Corpl 
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Fig.  5  Comparison  of  the  wire-grid  mtxlel’s  RCS  with  Flcsher’s  measured  result. 
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strip- with-Wirc 


Fig.  6  .shows  a  strip  scMterer  which  was  designed  for  measurement  in  the  1  to  16  GHz  fre¬ 
quency  range,  such  that  it  would  be  qualitatively  similar  to  the  behaviour  of  the  aircraft  with  its 
wire  antennas  in  the  low  HF  range.  The  init-al  measurement  of  the  RCS  of  the  strip  was  limited 
by  tile  available  horn  antennas  to  frequencies  from  8  to  12  GHz,  and  it  is  intended  to  obtain 
wider-band  horns  so  that  a  more  complete  measurement  of  the  RCS  may  be  made. 

The  strip  provides  a  relatively  simple 
target  to  model,  for  which  a  wire-grid 
mt^el  is  expected  to  yield  very  accurate 
results.  Fig.  6  shows  the  wire-grid  model 
of  the  strip,  which  uses  segments  about 
1.635  mm  long.  The  frequency  limit  is 
8  GHz  for  0. 1  wavelength  segments, 

I*  ^  well  above  the  8  to  12  GHz  frequency 

range  where  measured  data  was  taken. 

aiRE  ANTENNA  DIAMETER  B.se  ••  The  Strip  wirc-grid  includes  two  addition¬ 

al  wires  to  .serve  as  "radials"  at  the  feed 


UTRIP  THICKNESS  0.36 


point,  and  ’’comer  cutter"  wires  at  each 
corner.  The  wire  radii  were  derived  as 


Fig.  6  A  strip  scatterer  with  a  wire  "antenna’’.  described  in  Ref.  [8].  Thus  the  edge  wires 

use  about  half  the  ladius  of  the  wires 


•cniu.ua  strip  Langth  /  IL'ouiUngth 


Fig.  7  Comparison  of  the  RCS  of  the  strip  alone  for 
broadside  incidence  with  that  foi  end-on  incidence. 


embedded  in  the  grid.  The  radials  and 
corner  cutters  use  even  thinner  radii, 
related  to  the  areas  of  the  adjacent  mesh 
cells. 

Fig.  7  shows  that  for  broadside  inci¬ 
dence  the  strip  RCS  increases  uniformly 
with  strip  Icngih(frequenc;’'/.  The  electric 
field  induces  current  flow  from  the  bottom 
edge  to  the  top  edge  of  the  strip,  which  is 
fairly  uniformly  distributed  aaoss  the 
width  of  tlie  strip.  At  the  low  end  of  the 
frequency  band  of  Fig.  7,  the  RCS 
increases  at  about  18  dB  per  octave  of  fre¬ 
quency,  similar  to  the  ’’Rayleigh”  region 
of  the  sphere's  RCS  curvc[3].  At  the  high 
end  in  Fig,  7,  the  RCS  increases  at  about  6 
UB  per  octave  of  frequency,  similar  to  the 
"optical’'  region  for  the  sphere. 

For  end-on  incidence  the  strip  RCS  is 
quite  similar  to  that  found  in  Ref.  [12]. 
1'he  magnetic  Held  is  pcipendicular  to  the 
strip  surface  hence  it  induces  loop  cur¬ 
rents  flowing  on  the  strip  surface.  The 
regularly  spaced  series  of  peaks  and  sharp 
troughs  arises  because  of  interference  of 
the  fields  scattered  by  runcnl  on  the  lead¬ 
ing  edge  and  on  the  trailing  edge  of  the 
strip.  The  height  of  the  peaks  increases  at 
about  6  dB  per  octave. 

Fig.  7  compares  the  computed  strip 
RCS  with  Mishra’s  measured  data.  The 
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l  ig.  8  Comparison  of  tlic  RCS  of  llic  strip  alone 
with  that  of  the  strip  with  the  wire 
"antenna'',  for  broadside  incidence. 


I*ig.  9  Comparison  of  the  RCS  of  tlie  strip  alone 
with  tiiat  of  the  strip  with  the  wire 
"antenna",  for  end-on  incidence. 


agreement  with  the  measurement  is  quite 
gooii.  There  is  a  slight  misalignment  in 
the  frequency  at  which  the  iriniraa  in  the 
graph  occur. 

Fig.  8  compares  the  RCS  of  the  strip 
with  and  without  the  wire,  for  broadside 
incidence.  The  wire  antenna  operated 
against  the  strip  as  a  "ground"  is  expected 
to  have  resonances  when  its  length  is  on 
odd  multiple  of  the  quarter-wavelength. 
Thus  the  46.72  mm  wire  will  have  reso¬ 
nances  at  1.61, 4.82,  8.03  and  1 1.24  GHz, 
corresponding  to  strip  lengths  of  0.341, 
1.02, 1.70  and  2.38  wavelength,  nsspec- 
tivcly.  With  the  wire  the  strip  RCS  has  a 
very  sharp,  narrow  peak  at  a  strip 
length(frcquency)  which  makes  the  wire  u 
quarter-wavelength  long.  There  follows  a 
sharp  trough  in  the  RCS.  The  strip  with 
wire  RCS  shows  small  variations  near  the 
second  and  third  resonant  frequencies  of 
the  wire,  wheic  the  wire  is  3X/4  and  SX/4 
in  length.  Tlie  wire  does  not  tiave  a  dra¬ 
matic  clTcct  on  the  broadside  RCS  at  these 
frequencies,  largely  because  the  strip  itself 
is  such  an  effective  scatterer  for  broadside 
incidence. 

I'ig.  9  compares  the  RCS  of  the  sU'ip 
wlili  the  wire  ’antenna"  to  that  of  the  strip 
ulunc,  with  the  plane  wave  incident  end- 
on.  3'hc  wire  substantially  enhance.''  the 
RCS  of  the  strip  for  end-on  incidence,  and 
that  there  arc  sharp  peaks  in  the  computed 
data  at  the  frequencies  expected  for  the 
resonances  of  the  wire.  TTicre  is  good 
agreement  with  Mishra's  mcasur^  dau 
over  the  8  to  12  GHz  frequency  ran^c. 

Fig.  10  compares  the  strip  RCS  tor 
"nose-on"  incidence  and  "tail-on"  inci¬ 


dence.  At  low  frequencies,  there  is  little 
difference.  Above  the  third  resonant  frequency  of  the  wire,  the  "nosc-on"  and  "end-on"  curves 
differ  by  about  10  dB,  and  above  the  fifth  resonant  frequency  the  two  curves  deviate  substan¬ 
tially.  The  measured  data  agrees  well  with  the  computations. 


■  i  haaaupfld 


Cylindcr-with-Wirc 

The  aircraft  fuselage  is  much  more  like  a  cylinder  than  a  strip.  A  cylinder  thus  has  sub¬ 
stantial  volume  compared  to  a  strip.  Also,  for  end-on  incidence  the  nature  of  the  currents 
induced  by  the  magnetic  field  on  a  cylinder  might  be  thought  to  be  different  from  those  induced 
on  a  strip,  licnee  on  RCS  like  that  of  Fig.  7  for  end-on  incidence  might  not  be  expected.  Fig.  1 1 
shows  a  cylinder  of  dimensions  similar  to  the  strip  of  Fig.  6.  The  wire  grid  model  has  longest 
segment  2.37  mm,  hence  is  limited  in  frequency  to  23.3  GHz  for  segments  shorter  than  X/5.  The 
longest  mesh  limits  the  frequency  to  =29.91  Mil-/., 
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I'ig.  U)  Comparisoi:  of  Iho  RCS  oftlii;  sirip  witli 
ific  wire  "aiUcmia"  lot  two  directions 
of  "end  on"  incidence. 


■(^E  nNTMin  oinncuA  t.se  m 

WilHAM 


Fig.  1 1  A  cylinder  scattcrer  with  a  wire  "antenna". 


Fig.  12  shows  the  RCS  of  the  cylinder 
witliout  the  wire.  For  broadside  incidence 
the  cylinder  RCS  rises  monutonically, 
with  slope  about  18  dB  per  octave  for 
small  lengthsflow  frequencies),  and  so  the 
cylinder  is  in  the  "Rayleigh"  region  of 
scattering.  For  long  Icngthsfhigh  frequen¬ 
cies)  the  slope  is  6  dB  per  octave  and  the 
cylinder  is  in  the  "optical"  region.  For 
end-on  incidence  the  cylinder  does  have 
the  same  .set  of  regularly-spaced  peaks 
and  troughs  that  were  seen  in  the  .strip 
RCS  of  Fig.  7.  For  end  on  incidence  the 
cylinder  is  in  the  resonance  region  over 
this  whole  range  of  cylinder  lengths. 

F'ig.  12  compares  the  computations 
with  the  wire-grid  model  with  the  DFL 
measured  data  fiom  8  to  12  GHz.  The 
agreement  is  quite  good.  As  was  found 
for  the  suip,  tiierc  is  some  misalignment 
of  the  frequencies  at  which  the  sharp 
minima  in  the  RCS  curve  fall. 

Tire  wire  "antenna"  length  is  44..S5 
nun.  and  operating  against  the  cylinder  as 
"ground"  has  rc.sonanccs  at  1.68,  5.0.S, 
8.42  and  1 1 .78  GHz,  wlicn  the  cylinder  is 
0.354,  1,06, 1,77  and  3.19  wavelengths  in 
length,  respectively.  Fig.  13  compares  the 
cylinder  RCS  for  end-on  incidence  with¬ 
out  the  wire  to  that  with  the  wire,  llic 
wire  greatly  enhances  the  cylinder  RCS. 
The  wire  introduces  toll,  narrow  peaks  at 
its  resonant  frequencies.  There  is  reason¬ 
able  agreement  between  the  contpututions 
and  Mishra’s  incasurcnricnts.  This  cylin¬ 
der  was  rather  roughly  made,  and  it  was 
difficult  to  keep  the  wire  straight  and  well 
centered,  hence  the  agreement  is  not  os 
good  as  that  obtained  for  the  ship.  We 
hope  to  cany  out  a  more  precise  cylinder 
RCS  measurement  over  a  wider  band¬ 
width. 


Conclusion 

Tliis  paper  proposes  a  .set  of  guidelines  for  consuructing  wire-grid  models,  and  applies  tliem 
to  model  a  cube,  a  strip  and  a  cylinder.  The  wire  radii  are  chosen  by  die  "equal-area  rule"  dis¬ 
cussed  in  references  [1 1  and  [8|.  Ustiinutcs  of  the  frequency  lintitations  of  a  given  wire-grid 
model  are  given  and  are  slwwii  tt)  be  reasonable  for  the  cube. 
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I'ig.  12  Couipurison  of  ilic  RCS  of  the  cylinder 
alone  with  that  of  the  strip  witii  tlie  wire 
"antenna",  for  broadside  incidence. 

-  htiturad 

.  Compufesd 

UlIRE  RESOWflNCE.n 

1  I  1  ^ 


Scattering  from  a  .strip  and  a  cylinder 
has  been  presented,  showing  similar  RCS 
for  targets  of  a  similar  size.  The  effect  of 
a  wire  "antenna"  on  the  RCS  of  the  strip 
or  cylinder  was  demonstrated.  It  was 
shown  that,  for  the  ca.se  of  end-on  inci¬ 
dence.  the  wire  "antenna"  dramatically 
changes  the  RCS.  The  wire  against  the 
strip  or  cylinder  us  "ground"  is  resonant  at 
(xld  multiples  of  the  quarter-wavelength. 
At  tho.se  frequencies  the  wire  carries  a 
large  cuiTcnt  and  its  scattered  field  domi¬ 
nates. 

Generally  good  agreement  has  been 
obtained  between  Mishni's  measurements 
of  RCS  done  at  the  David  Florida  Labora¬ 
tory  for  cubes,  strips  and  cylinders,  and 
the  wire-grid  calculations.  Some  small 
misalignment  of  the  frequency  of  the 
sharp  troughs  in  the  RCS  has  been  found. 
In  futute  the  bandwidth  of  the  measure- 
meni  will  be  increased  by  using  wider- 
band  horn  antennas. 

The  results  shown  here  are  directly 
applicable  to  the  RCS  expected  of  an  air¬ 
craft  carrying  wire  antennas.  For  iiose-on 
incidence,  the  fuselage-alone 
scutlcrs  like  the  strip  or  die  cylinder.  The 
wire  antennas  contribute  tall,  sharp  rcso- 
iiiincc  peaks,  and  some  troughs.  For  an 
aircraft  such  as  that  of  Fig.  1,  carrying  a 
pair  of  wire  antennas,  there  will  be  a  dual 
set  of  wire  resonances. 


I'ig.  13  Comparison  of  the  RCS  of  the  cylinder 
alone  with  that  of  tlie  :itri()  with  the  wire 
"antenna",  for  end-on  incidence. 
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Automated  Radius  Calculation  for  Wire-Grid  Models 

by  C.W.  Trueman  and  S.J.  Kubina 

Electxoniagnctic  Compatibility  Laboratory, 

Concordia  University, 

7141  Sherbrooke.  Street  West, 

Montreal,  Quebec,  Canada  H4B  1R6. 

Ais/racMdeally,  a  wire-grid  model  represents  a  solid  surface  with  an  orthogonal  grid  of  wires, 
with  square  cells  of  a  uniform  size.  But  a  grid  of  a  complex  surface  such  as  an  aircraft  has  many 
occurrences  of  irregular,  non-square  mesh  cells,  such  as  triangles,  quadrilaterals,  pentagons  and 
so  forth.  The  "equal-area  rule"  is  often  used  to  compute  the  wire  radius  for  a  uniform  orthogonal 
grid,  but  it  is  difficult  to  apply  to  a  general  grid  i.ot  conforming  to  the  "orthogonal  grid"  idcS. 

This  paper  postulates  a  modification  of  the  "equal-area  rule"  which  can  be  applied  to  grid.s 
of  complex  surfaces.  The  proposed  “adapted  equal-area  rule"  obtains  the  same  radius  as  the 
"equal-area  rule"  for  ortliogonal  grids  of  square  cells.  The  "adaputd"  rule  satisfies  the  criterion 
of  subdivision:  if  a  wire  is  sub-<iivided  into  two  wires,  the  radius  is  unchanged,  Also,  if  a  short 
wire  is  a  member  of  two  liu'gc  aiea  grid  cells,  the  "adapted”  rule  obtains  a  reasonable  radius 
value.  Tlic  "adapted  cqual-aiea  rule"  specifics  a  unique  radius  value  for  each  wire  of  the  grid 
depending  on  the  geometry  of  the  adjacent  meshes. 

The  radius  calculation  process  has  been  automated.  Program  "MESHES"  reads  a  NEC 
geometry  file  and  pioduces  a  mesh  membership  file  "MESHES. MSH".  Program  "FNDRAD" 
u.ses  MESHES. MSI!  to  determine  the  radius  of  each  wire,  and  outputs  a  revised  NEC  gcomeliy 
file.  The  MESHES-FNDRAD  sequence  makes  the  re  calculation  of  radius  quite  sU’aighiforward, 
and  readily  repeated  when  smtill  ciiauges  are  made  to  the  model 
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Introduction 


Wire-grid  mcxlels  are  used  to  calculate  radiation  and  scattering  from  solid  objects  such  as 
cylinders,  spheres,  cubes,  and  less  regular  surfaces  such  as  aircraft,  at  frequencies  where  tire  dim- 
oisions  arc  comparable  to  the  wavelength.  l*ig.  1  shows  a  wire-grid  model  of  an  aircraft,  to  be 
■siilvcd  with  the  Numerical  Electromagnetics  Codc(NEC)(l,2J  for  the  antenna  patterns  or  for 

the  scattered  fields.  Ideally,  the  aircraft 
surfaces  are  to  be  modelled  as  an  onhogo- 
nal  grid  of  wires,  with  square  ceils  of  a  uni¬ 
form  size.  For  the  most  part  the  fuselage 
and  wings  in  Fig.  1  have  been  represented 
with  a  quasi-orthogonal  grid  of  wires  with 
ncarly-squarc  cells.  But  where  the  fuselage 
tapers,  and  where  the  wings  taper,  triangu¬ 
lar  mesh  cells  have  been  used.  In  the  f^ 
region  of  each  IIF  wire  antenna,  illustrated 
in  Fig.  2,  radial  wires  have  been  used  to 
support  radial  current  How  near  the  attach¬ 
ment  point.  This  subdivides  tlic  surface 
into  It  iangular  mesh  cells.  Further,  the 
radials  themselves  consist  of  two  wires  in 
series,  of  unequal  Icngtir,  as  shown  by 
wires  #1  and  #2  in  Fig.  2.  Each  wire  of  the 
grid  must  be  assigned  u  wire-radius  before 
tile  model  can  be  "run"  witli  NEC  or  anoth¬ 
er  wire-grid  analysis  program.  The  objec¬ 
tive  of  this  paper  is  to  define  a  "r-'-,"  for 
assigning  a  radius  which  can  be  applied  to 
complex  grids  such  as  those  shown  in  Figs. 
1  and  2. 

Tile  "equal-area  rule"|31  is  often  used  to  compute  tlie  wire  radius  for  a  unifonn  orthogonal 
grid,  but  it  is  difficult  to  aiiply  to  a  general  grid  not  conforming  to  tiic  "onhogonal  grid"  ideal. 
This  paper  jtostulates  a  modification  of  the  "eqnal-aiea  rule"  wliich  can  be  applied  to  grids  of 
complex  .surfaces.  Tlic  calculation  of  radius  is  then  automated  in  programs  called  "MESHES" 
and  "FNDRAD". 


Fig. 


2  The  feed  region  of  the  port  wire  uses 
radial  wires  about  the  attachment  point, 
and  contains  triangular  mc.sh  cells. 

Wires  whicli  are  iiait  of  the  wire  antenna 
are  marked  "a". 


The  "  Equiil-Arcii  Ktile” 

Burke  and  Milleii4J  summariic  the  literature  on  wire  radius  for  wire-grid  models  of  sur¬ 
faces.  For  an  orthogonal  grid  of  wires  representing  u  surface,  as  shown  in  lag.  3,  tlic  "equal-area 
rule"  stales  tliat  the  radius  is  dtosen  such  that  total  surface  area  of  tltc  wires  in  one  onhogonal 
direction  is  equal  to  tlte  area  of  the  suifaee.  Lee,  Marin  and  Casullo|51  sliow  that  the  equal-area 
radius  makes  tltc  induetaiiee  of  tile  wires  equal  to  tlte  indnctaiice  of  the  surface.  Ludwigl3) 
shows  that,  for  an  inliniie  cylinder  modelled  witli  a  unifonii  taruy  of  infinite  wires,  the 
equal-area  ctioice  of  rtidius  is  an  exact  solution.  Paknys|61  sliows  that,  for  scattering  from  a  cyl¬ 
inder,  the  "cqual-aieu"  radius  is  tlte  value  tliat  minimizes  ilie  field  in  the  interior  of  a  wire-grid 
model  of  the,  cylinder.  But  the  literature  offers  little  explicit  guidance  for  choosing  the  radii  for  a 
more  general  grid,  sucli  as  that  of  Figs.  I  or  2. 

In  the  onhogonal  grid  of  I-ig,  3  tlie  cells  arc  square  if  A,  =  Aj  =  A,  of  area  A,  =  Aj  =  A^  The 
"equal-area  rule"  radius  can  be  interpreted  to  slate  that  the  wire  of  length  A  represents  half  the 
area  of  patch  A,  and  lia'f  liie  area  of  Aj,  so  the  radius  is  chosen  according  to 
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I-ig.  3  A  wire  in  an  orthogonal  wire  grid.  The 
grid  has  square  meshes  if  A,  =  Aj. 


27trtA 


A|  +A2 
1  ' 


hence 


47cA 


..(1) 


hence  with  square  cells  having  A,  =  Aj  = 
the  wile  radius  is  A/2jf.  Fig.  4  applies  the 
"equal-area  rule"  to  an  orthogonal  grid  wih 
rectangular  cells,  with  A,  >  A2.  Then  the 
surface  area  of  wire  #1  represents  half  the 
area  of  patch  A,  =  A,Aj  and  half  of 
Aj  =  AiAj,  so  that  the  radius  a,  of  wire  #1  is 
chosen  according  to 


2jw,A| 


Ai  +  Aa 
2 


A,Aa 


hence  a,  =  AJln  and  Jj  =  A|/27C,  and  so  the  wire  radii  are  different.  The  "equal-area  rule"  makes 
the  wire  radii  proporaonai  to  the  spacing  of  the  parallel  wires.  This  is  unlike  the  equal  radii 
actually  shown  in  Fig.  4. 


The  "Adapted  Equal-Area  Rule" 


In  order  to  compute  wire  radii  for  a  general  grid  such  as  the  aircraft  of  Fig.  1,  the  "equal- 
u  rule"  has  been  adapted  to  be  directly  applicable  to  non-orthogonal  geomeuies  such  as 


,  4  A  wire  in  an  orthogonal  wire  grid  witli 
rectangular  cells. 


that  of  Fig.  2.  Some  important  require¬ 
ments  of  the  "adapted  ntle"  are  as  follows. 

For  an  orthogonal  grid  of  square  cells, 
as  in  Fig.  3,  the  "adapted  equal-area  rule" 
should  give  tlie  same  radius,  a  =  A/2n,  as 
the  "equal-area  rule". 

Typically  a  wire  in  a  ^d  subtends  two 
mesh  Cells.  The  new  radius  rule  should 
obtain  a  radius  for  a  wire  from  a  knowledge 
of  the  endpoint  coordinates  of  the  wires 
making  up  these  two  "mesh  cells",  llie 
new  radius  rule  should  yield  a  radius  for 
the  wire  no  matter  how  many  wires  make 
up  the  adjacent  mesh  cells,  or  what  shajie 
the  two  mesh  cells  are.  It  is  tempting  to 
use  Eqn.  (1)  directly  for  non-square  mesh 
cells. 

Consider  the  subdivision  problem,  in 
which  wire  #1  in  Fig.  4  is  subdivided  into 
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two  wires,  but  is  expected  to  have 
the  same  radius  as  in  Fig.  4. 


Fig.  6  A  short  wire  which  is  a  member  of  two 
large  meshes. 


two  wires,  illustrated  by  wires  #3  and  #4  in 
Fig.  5.  For  wire  #1  in  Fig.  4,  Eqn.  (1) 
obtains  the  radius  a  =  hjlTi.  If  wire  #3  of 
Fig.  5  has  length  A,/2,  then  applying  Eqn. 
(1)  obtains  a  radius  of  o  =  Aj/jt,  twice  the 
value  for  wire  #1.  But  subdivision  should 
not  change  the  radius.  The  "adapted 
equal-area  rule"  must  give  the  same  radius 
for  the  single  wire,  #1  in  Fig.  4,  or  the 
scries  connection  of  wires  #3  and  #4  in  Fig. 
5.  Further,  the  radius  must  be  the  same  if 
wires  #3  and  #4  are  specified  to  NEC  as 
one  wire  with  two  scgments(one  GW  caid) 
or  two  wires  with  one  segment  each(two 
OW  cards).  Thus  for  the  feed  region  of 
Fig.  2,  the  "adapted  equal-area  rule"  should 
get  the  same  radius  for  the  wires  labelled 
"#1"  and  "#2". 

Consider  the  problem  of  a  very  short 
wire  which  subtends  two  meshes  made  up 
of  much  longer  wires,  shown  in  Fig.  6.  The 
radius  of  the  short  wire  must  not  be  made 
unreasonably  large  by  the  "adapted 
equal-area  rule".  Thus  if  Eqn.  (i)  were 
applied  directly  to  this  shon  wire,  a  large 
(A,  +  Aj)  is  divided  by  a  small  A  to  obtain  a 
huge  radius.  Eqn.  (1)  must  be  modified  to 
account  for  the  shoruiess  of  wire  length  A 
compared  to  the  areas  that  the  wire  sub¬ 
tends. 

An  "adapted  equal-area  rule"  is  obtained 
by  weightmg  each  term  in  Eqn.  (1)  with  a 
factor  comparing  the  length  of  the  wire 
segment.  A,  to  the  distance  around  the 
mesh  periphery.  Thus  in  Fig.  7  a  wire 
segment  of  length  A  is  a  member  of  two 
meshes,  of  areas  A,  and  Aj,  and  peripheries 
£[  and  The  peripheries  include  A.  If  the 
adjacent  meshes  were  square,  then  A 
should  be  one-quaitcr  of  the  length  of  the 
periphery.  Thus  weight  each  term  of  Eqn. 
(1)  with  the  ratio  of  the  segment  length.  A, 
to  its  expected  fraction  of  the  periphery, 

L/4,  to  obtain 


a 


A]  A  Aj  A 

4»cA(£,,/4)  47tA(Aj/4) 


383 


a  =  Nln  as  required.  Note  that  this  makes 
I'iit.  7  The  "adapted  equal-area  rule"  uses  the  the  total  surface  area  of  al'  the  wires  equal 

areas  and  the  peripheries  of  the  meshes  that  to  twice  the  area  of  the  surface, 
each  wire  subtends. 


Application  of  the  Adapted  Equal-Area  Rule 

The  "adapted  equal-area  rule"  of  IZqn.  (2)  meets  the  requirement  that  it  be  readily  applied 
to  complex  wire  grids,  such  as  Pig.  1  or  2,  with  many  non-square  cells.  All  that  is  nec^  is  a 
knowledge  of  the  wires  making  up  the  two  meshes  subtending  the  wire  whose  radius  is  to  be 
found. 

Tor  the  rectangular  grid  of  Fig.  4,  the  "adapted"  rule  gets  a  somewhat  different  radius  from 
the  original  "equal-area  rule".  Thus  for  cither  wire  #  1  or  wire  #2  in  Fig.  4,  A, -A2  =  A, Ai,  and 
2(A,  +  Aj),  and  with  Hqn.  (2)  the  radius  of  both  wire  #1  and  wire  #2  is 


it(A,  +  Aj) 


.(3) 


I'hus  wiles  #1  and  #2  have  the  same  ladius,  us  shown  in  Fig.  4,  which  is  different  from  the 
"etiual-arca  rule"  value  of  tt,  =  or  Uj  =  A,/2n.  It  is  readily  shown  that  a  <  tJi  but  a  >  02- 
"adapted  equal-area  radius"  is  a  compromise  radius  such  that 


Ui  cij  a  a 

Tlie  total  surface  area  of  all  the  wirex  is  still  equal  to  nvice  the  area  of  the  surface,  but  evidently 
this  is  different  from  making  the  total  surface  area  of  the  wires  in  one  orthogonal  direction  equal 
to  die  area  of  the  surface.  Thus  for  best  results,  keep  the  mesh  cells  of  the  wire  giid  square  rather 
than  lectangular. 

The  "adapted  equal-urea  rule"  handles  the  subdivi.siun  well.  Thus  for  wire  #1  in  Fig.  4,  the 
radius  is  that  of  Eqn,  (3).  For  wire  #3  or  #4  of  Fig.  5,  the  areas  and  peripheries  used  in  ajn.  (2) 
arc  identical  to  those  used  to  compute  the  radius  of  wire  #1,  hence  lead  to  the  same  radius  for 
wire  #3  or  #4  as  for  wire  #  1 .  The  "adapted  rule"  radius  does  not  depend  directly  on  the  length  of 
the  wire  whose  radius  is  being  calculated.  Instead,  it  uses  the  total  peripheral  length  of  each 
adjacent  mesh,  and  the  area  of  eacli  adjacent  mesh.  Also,  it  does  not  matter  whether  the  subdivi¬ 
sion  is  done  with  one  GW  card  specifying  two  segments,  or  two  GW  cards  of  one  segment  each. 
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Consider  me  short  wire  problem  of  Fig.  6.  F.qn.  (1 )  u.ses  the  ratio  of  the  mesh  area  to  tin- 
wire  length.  A,  whereas  Uqn.  (2)  uses  llie  ratio  of  tlic  mesh  area  to  the  mesh  periphery,  and 
thus  obtains  a  smaller  radius.  In  effect,  the  contribution  of  each  area  to  the  radius  of  F.qn.  (1 )  has 
been  reduced  in  Eqn.  (2)  I  v  the  factor  A/(/../4)  which  is  considerably  less  than  one  for  geometries 
like  Fig.  6.  Fig.  6  is-  drawn  to  scale  and  shows  that  the  "adapted  equal-area  radius"  is  a  reason¬ 
able  value.  But  a  construction  such  as  Fig.  6  embedded  in  a  wire-grid  is  poor  practice,  grossly 
violating  the  principle  that  as  many  cells  as  po.ssible  in  a  grid  should  be  "square",  all  with  equal 
aretis.  If  the  short  wire  in  Fig.  6  is  absolutely  required,  then  the  adjacent  large  meshes  should  be 
subdivided  into  smaller  mesh  cells. 

For  wires  at  the  edges  of  0|ien  surfaces,  such  as  the  wing  edge  wires  in  Fig.  1 ,  there  is  only 
one  mesh  area  to  contribute  to  the  radius.  I  lencc  the  radius  of  edge  wires  is  about  half  the  value 
of  the  radius  of  wires  embedded  in  the  grid. 

Automated  Mesh  Search  and  Radius  Calculation 

The  "adapted  equal-area  rule"  assigns  a  unique  radius  to  each  wire  of  a  wire  grid,  from  a 
knowledge  of  the  wires  making  up  the  adjacent  nieslies.  The  caleulatioii  of  the  wire  radius 


Fig.  8  Flow  chart  of  processing  steps  in 
computing  wire  tadii  for  a  NtiC 
geometry  file.  Data  files  are 
enclosed  in  ellipses,  and  rccUinglcs 
are  programs. 


has  been  automated  witli  the  prtxtcssing  steps 
.shown  in  Fig.  8.  A  NEC  geometry  file  is  iiipui  to 
the  mcsli-scarch  program  "MESHES",  to  obtain  a 
"MESl  lES.MSH"  file,  which  is  a  list  of  the  wires 
making  up  meshes  with  each  wire  in  the  geome¬ 
try  file.  The  user  can  edit  the  MESI  lES.MSl  I  flic 
to  delete  meshes  which  he  may  not  want  to  con¬ 
tribute  to  the  radius  of  a  given  wire.  The  edit  slc|) 
gives  the  u.sci  full,  detailed  control  over  the 
radius  calculation,  nie  MESHES. MSI  1  file  is 
then  input  to  the  radius-finding  program 
"FNDRAD",  which  reads  which  wiies  make 
meshes  with  each  wire,  and  applies  the  "adapted 
equal-area  rule"  to  find  that  wire’s  radius.  The 
output  is  a  new  NEC  geometry  tile  called 
"OUTPUT, GW". 

The  present  implementation  of  MESl  ll-lS 
searclies  for  loop  pallis  of  up  to  8  wires.  Then  a 
loop  is  identified  as  u  "mesh"  by  searehing  for 
"diagonal"  paths  across  the  loop.  If  any  path 
across  the  loop  is  found  which  is  shorter  than  the 
paths  around  the  loop  periphery  then  the  loop  is 
not  a  nicsli.  MESHES  rejects  cross-sections  as 
meshes  because  all  the  vertices  liave  the  same 
x-coordinate.  The  current  version  does  not  reject 
3-wire  and  4-wire  cross-sections,  which  must  be 
maiiually  edited  out  of  the  MESHES. MSI  1  file. 
This  was  done  to  allow  cylinder  endcaps  to  be 
niixlelled  with  3-wirc  and  4-wire  meshes. 

P  ogram  MESHES  writes  graphics  files,  for 
display  with  program  "MODEL"[7J,  'hat  am  use¬ 
ful  in  spotting  errors  in  the  wire  grid,  and  in  iden¬ 
tifying  meshes  requiring  modification  in 
"MESHES.MSH".  MESHES  writes  a  graphics 
file  which  identifies  all  the  wires  that  are  meni- 
beis  of  3- wire  meshes,  aiiti  graphics  files  iiainiiig 
all  the  wires  that  are  inctinbers  of  4-wirc 
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Wires  tliat  are  niembeis  of  more  Fig.  !4  Detail  of  a  wing  root  showing  the 
than  two  meshes.  wing  root  wires  and  the  tag  num¬ 

bers. 


meshes,  5-wire,  6-wire,  7-wire  and  8-wire  meshes.  Thus  the  aircraft  grid  of  Fig.  1  has  the  3-wire 
meshes  shown  in  Fig.  9,  the  5- wire  meshes  of  Fig.  10,  and  no  larger  meshes.  The  user  can 
inspect  these  dsplays  from  various  viewing  angles  to  look  for  wires  that  clearly  should  not  be 
members  of  meshes  with  that  number  of  wires.  This  can  alert  the  user  to  errors  in  the  model 
geometry. 

To  further  increase  the  likelihood  that  errors  in  the  model  will  be  found,  MESHES  pro¬ 
duces  additional  mesh-membership  graphics  files.  Fig.  1 1  shows  all  the  wires  that  arc  members 
of  no  meshes  at  all,  clearly  seen  as  the  wire  antennas  and  the  wire  modelling  the  magnetometer 
boom.  If  a  wire  in  the  grid  were  open-circuited  at  one  end  in  error,  it  would  be  present  in  this 
display.  Fig.  12  shows  all  wires  that  are  members  of  only  one  mesh,  readily  seen  to  be  the  edges 
of  the  wings  and  the  dorsal  fin.  Once  again,  errors  in  the  grid  can  lead  to  wires  being  members 
of  this  group  incorrectly.  Fig.  13  shows  wire.*:  that  arc  members  of  more  than  two  meshes.  Wing 
roots  and  Hn  roots  ore  members  of  two  fuselage  meshes  and  of  one  wing  or  iin  mesh.  The  file 
also  shows  that  there  are  three  4-wire  cross-sections  that  need  to  be  rejected  manually. 

The  user  edits  the  MESHHS.MSH  file  to  remove  unwanted  meshes.  Each  line  of  the  file 
begins  with  a  wire's  tag  number,  followed  by  a  zcro(O),  then  the  tag  numbers  of  wires  making 
meshes  the  first  mesh,  a  z',ro,  the  wires  making  tlie  second  mesh,  a  zero,  the  third  mesh,  etc.  For 
the  wing-root  wire  #244  in  Fig.  14.  MESHHS.MSH  contains  the  line 

244  0  59  67  479  0  60  68  503  0  219  248  67 1  0 

Tlie  user  simply  deletes  the  tug  numbers  of  unwanted  meshes.  For  the  wing  root  wires,  such  as 
those  ill  Fig.  14,  our  convention  is  that  the  radius  of  iliese  wires  is  calculati^  bused  on  the  two 
adjacent  fuselage  meshes,  and  that  the  wing  mesh  is  ignored.  The  user  must  identify  and  delete 
from  the  mesh  list  the  tag  numbers  of  the  wing  mesh.  This  is  done  by  modifying  the  line  in 
MESHHS.MSH  to  read 

244  0  59  67  479  0  60  68  503  0 

Tlicn  FNDRAD  will  use  the  fuselage  meshes  to  compute  the  radius  of  wire  #244. 

Once  the  meshes  have  been  identified  and  verified,  it  is  straightforward  to  calculate  tlie 
wire  radii  using  the  "adapted  equal-area  rule".  Program  FNDRAD  repeats  the  decomposition 
into  vertices  and  linksfa  fast  step  even  for  large  models),  and  then  for  each  wire  reads  the  first 
two  meshes  from  the  MESHES,MSH  file,  and  calculates  a  radius.  If  the  wires  specified  to  fonn 
a  me.sh  in  the  MESHES.MSH  file  do  not  from  a  closed  path,  a  fatal  error  results.  This  can  hap¬ 
pen  if  the  MESHES, MSH  file  was  nitKlified  incorrectly.  FNDRAD  generates  its  own  graphics 
files  of  wires  belonging  to  no  meshes,  to  one  mesh  and  to  more  than  two  meshes.  At  tliis  stage, 
no  wires  should  belong  to  more  than  two  meshes.  The  user  should  display  these  wires  to  verify 
that  no  errors  were  inUoduced  in  editing  MESHHS.MSH. 

Conclusions 

This  paper  proposes  a  "adapted  equal-area  rule”.  Eqn.  (2),  which  can  be  used  to  find  a 
unique  radius  for  each  wire  in  a  complex  grid  such  as  the  aircraft  in  Fig.  1.  For  square  mesh 
cells,  the  radius  obtained  is  the  same  as  that  specified  by  the  "equal-area  rule".  The  "adapted" 
rule  has  been  automated  into  a  mesh  search  program,  MESHES,  and  a  radius-finding  program, 
FNDRAD, 

Display  of  the  mesh  content  of  a  wire  grid  with  computer  graphics  provides  a  valuable  tool 
for  checking  the  integrity  of  the  grid.  Certain  common  errors  in  grid  geometry  lead  to  obviously- 
wrong  meshes,  easily  seen  on  the  graphics  screen.  This  has  been  on  unexpect^  benefit  of  the 
mesh  search.  Some  grids  that  had  been  extensively  used  over  several  years  were  found  to  con¬ 
tain  errors! 
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For  the  681  wire,  359  vertex  aircraft  of  Fig.  1,  MESllES  takes  11  minutes  34  seconds  ona 
25  MHz  80386  computer,  with  an  80387  math  coprocessor,  running  MS-DOS.  The  present 
implementation  of  MUSHES  program  could  be  improved  greatly  in  execution  spc^.  The  search 
method  is  crude  and  rcdundant-ii  tends  to  find  the  same  meshes  over  and  over  again.  The  "diag¬ 
onal  search"  approach  to  screening  n-wire  loops  to  find  which  are  meshes  is  effective  but  tends 
to  re-find  ail  the  smaller  meshes.  No  advantage  is  taken  of  the  knowledge  that  the  fuselage  grid 
models  a  closed  surface. 

Editing  the  MESl  lES.MSH  file  for  the  aircraft  lakes  an  experienced  user  about  half  an 
hour.  To  identify  the  tug  numbers  of  meshes  which  must  be  "edited  out",  program  MODEL  is 
used  to  display  tire  wire  grid  including  tag  numbers,  in  the  format  of  Fig.  14.  Some  users  would 
like  to  avoid  the  editing  step.  Perhaps  FNDRAD  could  read  a  file  of  special  cases,  directing  it  to 
ignore  certain  mcsltes  fomied  with  the  wing  root  wites.  This  would  be  convenient  in  making  a 
series  of  small  alterations  to  an  aircraft  geometry  file. 

After  MESHES.MSH  has  been  edited,  running  FNDRAD  takes  about  60  seconds  for  the 
aircraft,  and  produces  a  NEC  geomeuy  file  with  revised  wire  radii. 

Automated  radius  calculation  yields  a  unique  radius  for  each  wire,  which  depends  on  the 
l(x;al  geometry  of  the  wire  grid.  Wires  subtending  small  meshes  have  thinner  radii  than  wires 
subtending  full  -size  "square"  meslt  cells.  Where  tlic  mesh  is  deliberately  made  finer,  such  us  the 
feed  region  of  I’ig.  2,  die  radius  algorithm  automatically  tapers  tire  radius  in  accordance  witlt  the 
cell  areas,  diiis  rcfincmciit  in  wire-grid  modelling  appcius  to  lead  to  more  consistent  coniputed 
result  wlicn  models  arc  analysed  with  tne  NEC  program. 
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ABSTRACT 

Recent  developments  in  high  temperature  superconductors 
have  made  it  possible  to  fabricate  microstrip  feed  lines  with 
extremely  low  losses  at  liquid  nitrogen  temperatures.  This 
technology  is  particularly  applicable  to  high  frequency 
arrays  with  microstrip  feed  networks,  whore  ohmic  losses 
severely  limit  the  efficiency  which  can  be  obtained  with 
conventional  metals.  This  paper  describes  the  analysis  and 
design  of  a  multi-layer  microstrip  antenna  array  witli  a 
superconducting  microstrip  feed  network.  A  novel  geometry 
will  be  described  which  integrates  the  array  into  a  radome  on 
the  vacuum  shield  of  a  cryocooler  for  maximum  thermal  and  RF 
radiation  efficiency.  A  multi-layer  spectral  domain  Green's 
function  is  used  with  the  method  of  moments  to  design  the 
microstrip  feed  network  and  proximity  coupled  microstrip 
elements  for  optimum  impedance  matching  and  operating 
bandwidth.  Experimental  measurements  of  the  proximity-coupled 
microstrip  elements  in  a  waveguide  simulator  are  used  to 
validate  the  analysis. 


1 .  INTRODUCTION 

The  primary  advantage  of  using  superconducting  metals  in 
antenna  systems  appears  to  be  the  redaction  of  ohmic  losses 
in  the  power  distribution  and  matching  networks,  particularly 
at  millimeter  wave  frequencies  (1),  [2],  [3],  [4].  For 
example,  the  use  of  a  superconducting  feed  network  could 
increase  the  RF  gain  of  a  largo  microstrip-fed  array  by  as 
much  as  20  dB  at  60  GHz,  as  shown  in  figure  1  from  [4]. 

This  paper  describes  the  analysis  and  design  of  a 
multi-layer  mlcrostrlp  antenna  array  wich  a  superconducting 
feed  network.  A  novel  geometry  will  be  described  which 
utilizes  proximity-coupled  mlcrostrlp  patches  integrated  into 
a  radome  on  the  vacuum  shield  of  a  cryocooler  as  shown  In 
figure  2  for  maximum  bandwidth,  thermal  efficiency  and  KF 
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pattern  integrity.  A  multi-layer  spectral  domain  Green's 
function  is  used  with  the  method  of  moments  to  design  the 
microstrip  feed  network  and  proximity-coupled  elements. 
Experimental  measurements  of  prototypical  elements  in  a 
waveguide  simulator  confirm  the  validity  of  the  analysis. 


2 .  THEORY 


To  begin  with,  it  should  be  pointed  out  that  the 
analysis  assumes  the  superconducting  metal  has  infinite 
conductivity.  This  approximation  works  well  for  analyzing  the 
Impedance  and  radiation  properties  of  the  lines  and  patches 
as  long  as  the  metal  is  more  than  three  penetration  depths 
thick  .  For  accurate  predictions  of  ohmic  losses,  the  model 
must  be  augmented  to  Include  surface  resistivity  effects. 

The  infinite  array  spectral  dyadic  Green's  function  is 
used  in  the  analysis  because  it  includes  all  effects  caused 
by  the  dielectric  layers  and  the  mutual  coupling  between 
elements.  These  effects  are  likely  to  be  important  in  a  large 
scanning  array  printed  on  a  high  permittivity  substrate.  The 
method  of  momenta  is  then  used  to  solve  an  Integral  equation 
for  the  unknown  current  distributions  on  the  feed  lines  and 
patches.  The  characteristic  impedance  and  effective 
propagation  constant  of  the  microstrip  feed  lines  is  obtained 
by  extending  techniques  developed  in  [5]  to  multiple 
dielectric  layers. 


Entire  domain  basis  functions  are  used  on  the  patches 
for  both  expansion  and  test  because  of  their  correspondence 
with  the  cavity-like  behavior  of  the  patches.  For  x-directed 
modes,  the  functions  are  given  by; 


j;(x,y) 


For  y-dlrected  modes; 


(1) 


(2) 


Where  and  p^  are  the  patch  dimensions,  and  (r,s)  are 
integer  indices. 


It  has  been  found  that  the  microstrip  feed  line 
excitation  of  the  patch  can  be  sufficiently  modeled  by  a 
vertical  electric  current  source  at  the  inset  point,  provided 
that  it  is  fairly  close  to  the  edge.  For  stacked, 
proximity-coupled  patches,  this  is  usually  the  case  for 
50  n  input  Impedance  [6]. 
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].  _  2tip  ^  j. 

X  a  0 

-  -2?^  -  V 

(7) 

u  =  sino  COS0 

U  ft 

(0) 

V  »  sine  sin^ 

0  0 

(9) 

where  Q  and  ^  are  the  beam  pointing  angles, 

O  O 

ky  is  the  free 

space  wave  number,  the  the  Fourier  transforms  of  the 


entire  domain  Jasis  functions,  a  and  b  are  the  unit  cell 
dimensions,  a. id  Q  is  the  Fourier  transformed  dyadic  Green's 
function  for  a  three  layer  grounded  dielectric  Blab. 

The  input  impedance  is  calculated  from  a  re-ction 
integral,  which,  for  the  infinite  array,  beccmes! 
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where 


F.  (k  ,k  ) 

Inc'  «  y' 


-jk  X 
e  >  p 


-■)k  y 
y  p 


(11) 


is  the  Fourier  transform  of  a  vortical  current  source  at  the 
feed  inset  point  (x  ,y  ).  All  floc[uet  series  are  truncated 

at  i»j“-30,  and  this  is  found  to  give  sufficient  convergence. 
With  the  input  impedance  known,  the  scanning  reflection 
coefficient  is  computed  by; 


2,  (0,.^)  -  Z  (0“.0") 

R(e,0)  “  — - - 4 - 

+  z^jQ°,o°) 

where  Z^  (0“,0°)  is  the  input  impedance  at  broadside. 


(12) 


Several  methods  were  used  to  check  the  numerical 
accuracy  of  the  computer  code.  First,  a  comparison  was  made 
between  the  input  power,  and  the  power  radiated  from  a 

unit  cell,  P  where; 
r*d 

P,„  -  1  -  |H|'  (13) 


and 


Ke(E  X  H*) 


dxdy 


(14) 


u  a  I  I  u  0  1  1 


It  was  found  that  the  values  calculated  from  cguations 
(13) and  (14)  were  within  one  percent  of  one  another  for  all 
scan  angles  except  the  blindness  angle,  and  it  is  beljeved 
that  the  computational  accuracy  at  that  scan  angle  is 
affected  by  the  singularity  in  the  Infinite  array  Green's 
function.  As  a  second  check  of  the  code,  it  was  confirmed 
that  the  boundary  condition  E  ■  0  is  being  satisfied  by 

Ian 

the  fields  from  the  source  and  basis  function  expansion 
currents  to  within  one  part  in  a  thousand. 


3.  EXPERIMENT 

As  a  further  validation  of  the  theory,  measuroments  from 
a  waveguide  simulator  are  used  to  replicate  the  environment 
seen  by  an  element  in  an  infinite  scanning  array.  Figure  3 
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shows  the  measured  and  predicted  reflection  coefficient 
versus  fretjuency  fur  a  three  layer  proximity-coupled  element. 
This  example  shows  a  2:1  VSWR  bandwidth  of  approximately  20%. 
Good  agreement  between  theory  and  experiment  is  obtained  by 
using  three  x-dlrected  modes  (r>-l,3,5)  and  two  y-dlrected 
modes  (s><l,2]  on  each  patch. 


4.  SUHMASy 

A  full  wave  analysis  has  been  applied  to  a  three  layer 
proximity-coupled  inlcrostrip  antenna  array.  The  unique 
geometry  provides  a  wide  bandwidth  element  for  use  with  a 
high  efficiency  superconducting  mlcrostrlp  feed  network. 
Future  work  will  be  dona  to  add  superconductor  surface 
resistivity,  substrate  anisotropies,  and  alternative  element 
designs  for  improved  thermal  shielding. 
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FIGURE  1.  Effect  Of  Distribution  Loss  on  Antenna  Array 
Gain,  (from  [4]) . 
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FIGURE  2,  Superconducting  Microstrip  Array  Geometry. 


MODELING  OF  AN  ANISOTROPIC  STRIPLINE 


M  KAMAREI,  N.  DAOUD,  R.  SALAZAR,  M.  BOUTHINON 
L.E.M.O.-I.N.P.G.-C.N.R.S.  UAR  833.  BP  257,  Grenoble  38016,  France 

Indexing  terms:  anisotropic  permeability,  electromagnetic  fields,  propagation  constant 

A  vaiiety  of  subsirale  maierials  used  in  practice  exhibit  anisotropic  bchavior.Thc  objective  of 
this  letter  is  to  model  tlie  propagation  propcttics  of  a  suipline  loaded  with  a  dielectric  material 
which  has  an  isotropic  permittivity  and  an  anisotropic  pcnnctibility. 

I-  Introduction 

In  recent  years,  a  variety  of  anisotropic  materials  have  increasingly  found  numerous  and 
important  applications  at  microwave  frequencies.  Anisotropy  is  either  an  inhcient  property  of  a 
siibsuate  material  or  may  be  acquired  during  the  manufacturing  process.  It  has  been  established 
that  when  anisotropy  is  ignored  in  the  development  of  design  methods  for  single  and  coupled 
microsuip,  an  error  is  introduced  which  becomes  significant  for  small  linewidths  and  stnall  line 
separation  [IJ.  In  ccitain  applications  of  coupled  line  structures,  anisotropy  may  prove 
beneficial  in  cquuliaing  even  and  odd  mode  phase  velocities  and  reducing  the  sensitivity  of 
geometry  tolerance  12|.  An  aigoiithm  is  developed  which  models  sdiictures  such  us  microsuip 
on  anisotropic  substrates  [3].  llie  characteristics  of  single  and  couplcil  microsuips  on 
anisotropic  subsuates  with  a  diagonal  pemiiitivity  tensor  have  been  analiicd  by  Alexopoulos 
atid  Krowne  14]  by  using  a  quasistatic-modc  approach.  Several  other  anisotropic  dielectric 
subsuatc  geontetiics  have  been  treated  in  tire  literature  [Sj,  [6]  by  using  the  quasistatic  method. 
Hybrid  modes  have  been  analysed  for  inicrostrip  lines  with  anisotropic  substrates  17]. 
T.Kita/aiwa  and  Y.IIayashi  have  also  analysed  the  propagation  characteristics  of  strip  lines  with 
multilayeicd  anisotropic  media  IH|. 

This  letter  represents  the  nnxleling  of  a  striplinc  loaded  with  a  dielecuic  material  which  has  an 
isou-upic  permittivity  and  an  anisotiopic  penneabilily  us  is  shown  below: 

Hi,  jlj2  0 

0  0  u,3 

L  '  J 

Tlic  lelutive  |)cniiittiviiy  (e)  and  all  the  terms  of  the  relative  permeability  matrix  IpJ  arc  complex. 
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We  have  already  shown  that  the  TEM  modes  which  can  exist  in  the  bulk  material,  cannot 
propagate  when  this  material  is  placed  in  the  stripline  structure.  If  any  energy  is  transferred 
from  input  to  output  in  the  su'ucture,  there  are  hybrid  modes  which  are  the  origin  of  this 
transfer.  In  tact,  the  anisotropic  character  of  the  material  under  study  causes  a  coupling  between 
the  longitudinal  components  of  the  electric  and  magnetic  fields. 

I  hc  homogeneous  property  of  the  material  and  the  assumption  that  the  structure  is  unlimited 
along  ox  (figure  1 )  permit  a  decoupling  of  the  longitudinal  components  and  K^)  and  a 
determination  of  the  four  uansversc  fields;  E„  Ey,  H,  and  Hy.  Obtaining  the  characteristics  of 
the  hybrid  modes  with  an  analytical  method  is  not  possible.  The  numerical  method  which  is 
adapted  to  this  planai  structure  is  the  Spectral  domain  method  which  we  have  fommlated  and 
progiammed.  This  programme,  very  general  for  the  form  of  the  anisotropic  relative 

permeability  matrix  [n],  is  validated  for  an  isotropic  material  and  also  for  a  magnetic 
anisotropy. 
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figure  1 


11-  Study  of  the  coupling  of  the  longitudinal  components 

Wc  show  that  the  anisotropic  character  of  the  material  under  study  causes  a  coupling  between 
the  longitudinal  components  of  the  electric  and  magnetic  fields.  The  possibility  of  detemrining 
tile  four  truiisvcrse  components  depends  on  obtaining  these  longitudinal  components.  The 
homogeneous  property  of  the  material  and  the  assumption  that  the  structure  is  unlimited  along 
ox  (figure  1)  permit  a  decoupling  of  the  longitudinal  components  (Ej  and  llj)  and  a 
determination  of  the  four  transverse  fields  E,,  Ey,  and  Hy.  We  can  thc',  obtain  the 
following; 


Hv 
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dE, 
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dE., 
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dH, 
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(3) 


where  Ai  and  B;  (i=l,  2, .  8)  are  constants,  functions  of  ft),  e  and  In],  These  constants  are 

given  in  annex. 


The  Maxwell  equations  peimit  us  to  obtain; 

(4.1) 


(4.2) 

These  tv)o  equations  show  the  coupling  between  the  longitudinal  components  E,  and  The 
anisotropic  character  of  the  material  is  the  origin  of  the  coupling. 

in'-  Solution  of  the  system  of  coupled  equations 

We  suppose  that  the  material  is  homogeneous  and  unlimited  along  ox  and  the  Fourier 
Transfonnalion  is  defined  below: 

A(a,y)  =  /.."A(x,y)e-'“*dx  ,  A(x,y)  =  H/x,y)  ou  E./x.y)  (5) 

With  these  conditions  (d/dx  — >  ja),  the  system  of  cipiations  (4)  gives  the  general  solutions  as 
shown  below: 

-  OW  ,  OW  .  OjV  .  ow 

E^=Cie  *^  +  020  *^  +  030  *^  +  040 

^  f?  ftiX  .  fti'  .  fti'  .  ee’ 

H,=  ciaic  ■' +  Cja2e  *  +  C3a3C  +04846 

where  Oj  and  aj  (j=l .  2, 4)  are  functions  of  u,  ft),  e  and  [pj.  Cj  are  constants. 
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»  ^  ’'oxdy  3^2 


jd^H^  d^n.^ 
1  dx^  dy^ 


-+jftK  E,, 


IV-  Numerical  treatment 

The  system  of  equqtions  (2,  3, 6)  give  all  the  electromagnetic  field  components.  The  continuity 
condition  of  the  electromagnetic  field  on  the  metaliaed  interface  (y=0),  permits  lO  obtain  a 
relationship  between  the  Fourier  Transformation  of  the  tangential  components  of  the  clccuic 
field  and  the  cuirent  density  on  the  metallic  surface  as  is  shown  below: 


^'nC‘12 

E,J'[ti2,G2; 


(7) 


This  equation  is  the  fundamental  equation  of  the  Spectral  domain  method.  The  terms  of  [G]  are 
the  Green’s  coefficients  of  the  Spectral  domain  method.  Each  of  these  is  a  function  of  the 
frequency,  the  complex  propagation  constant  and  the  geometrical  and  physical  characteristics  of 
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the  structure.  In  the  perfect  conductor,  the  electric  field  is  null  as  is  the  current  density  in  the 
dielectric.  This  particular  propeny  and  the  applicauon  of  the  Galerkin's  Method,  by  a  suitable 
choice  of  the  basis  functions  for  J,  and  ,'Crmit  the  solution  of  the  fundamental  equation  of 
the  Spectral  domain  method  [91.  Tfiis  enables  us  to  obtain  the  complex  propagation  constant 
and  afterwards  the  characteristic  impedance  and  the  distribution  of  the  electromagnetic  field  of 
each  of  the  higher  order  modes  that  propagate,  in  the  structure. 


V  Results 

We  have  programmed  all  the  previous  steps.  Our  analytical  and  numerical  treatments  are 
validated  by  using  this  general  programme  for  an  isotropic  material  (p,j=pij,y=Pj^=l+jO, 
p,„==0+j0,  e  =10()+j0 )  in  a  structure  which  has  the  same  geometrical  characteristics  as  the  real 

xy  I 

structure  under  study  (W/2h=().17).  The  obtained  results  arc  in  good  agreement  with  the  ones 
which  are  already  well  known. 


By  using  the  same  programme,  wc  have  studied  the  variation  of  the  propagation  constant 
(calculated  by  our  method)  as  the  magnetic  anisotropy  increases  progressively,  in  comparison 
Vi  'h  the  ptopagation  constant  which  is  obtained  from  the  following  expression: 


Pc 


vxpcvlcd  ~ 


(8) 


This  is  done  for  tlte  several  values  of  (supposing  that  p„=l)  and  for  the  several  values  of 
[ij,  (supposing  that  as  shown  in  figures  (2)  and  (3)  respectively. 


pxzsl  ,  fslGHx 


Myy/tuc* 
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MK/al  •  fxlCSiU 


Figures  2  and  3  show  thai  Pe»icuUicd  8°*^*  linearly  far  from  when  increases  but  it 

remains  close  to  when  F,,  increases.  This  means  that  the  propagation  characteristics 

of  the  structure  arc  more  sensitive  to  the  variation  than  to  that  of  This  is  also 
confirmed  by  the  obtained  results  for  the  variations  of  the  effective  permittivity  us  a  function  of 


Conclusion 

A  stiipline  structure  loaded  with  a  dielectric  material  which  has  an  isotropic  [Kimittivity  and  an 
anisotropic  permeability  is  studied  and  modeled.  In  the  case  of  a  magnetic  anisotropy 
represented  by  the  relative  permeability  matrix  [pj,  It  is  shown  that  the  anisonopic  character  of 
the  material  causes  a  coupling  between  the  longitudinal  components  of  the  electric  and  magnetic 
fields.  The  homegeneous  property  of  the  material  and  the  assumption  that  the  structure  is 
unlimited  along  ox  (figure  1)  permit  a  decoupling  of  the  longitudinal  components  (E^  and  11^) 
and  a  determination  of  the  four  transverse  Fields:  E„  Ey,  H,  and  lly. 

we  have  already  shown  that  the  TEM  modes  which  can  exist  in  the  bulk  material,  cannot 
propagate  when  this  material  is  placed  in  the  stiipline  structure.  If  any  energy  is  transferred 
from  the  input  to  the  output  of  the  sttucturc,  there  are  the  hybrid  modes  which  arc  the  origin  of 
this  uunsfer.  Obtaining  the  characteristics  of  the  hybrid  modes  with  an  analytical  method  is  not 
possible.  Tiic  numerical  method  adapted  to  this  planar  structure  is  the  Spectral  domain  method. 
This  is  fonnulated  and  programmed. 
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The  realized  programme,  although  very  general  for  the  form  of  the  magnetic  anisotropy,  is 
validated  for  an  isotropic  nuterial  in  a  structure  which  has  the  same  geometrical  characteristics 
us  the  real  structure  under  study.  The  obtained  results  are  in  good  agreement  with  the  ones 
which  arc  already  well  known. 

13y  using  the  same  progrumitK  wc  have  also  studied  the  materials  with  on  isotropic  permittivity 
and  anisotropic  permeability.  It  is  shown  that  the  pmpugution  characteristics  of  the  structure  arc 

more  sensitive  to  the  variation  than  that  of  vuriatjon. 
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Legends 


I-igure  1 :  Transverse  section  of  the  structure. 

I'igurc  2;  Vaiiatioii  of  the  lelutive  propagation  constant  as  a  function  of 
Figure  3;  Vatiation  of  the  relative  propagation  constant  as  a  function  of 
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ABSTRACT] 

In  this  aoittinunicatlon,  by  usdiig  spectral  domain 
approach  improved  by  asymptotic  expansions,  wo  show  by 
means  of  coupling  integral  values  that  the  notion  of  quasi 
complex  modes  can  be  introduced  for  lightly  lossy 
substrates .  The  quasi  complex  modes  are  particular  modes 
with  similar  behaviour  than  lossless  structure  complex 
modes . 


The  analysis  of  cliBcontinuitins  betwaen  planar 
transmission  lines,  particulary  for  luicrostrip  lines,  has 
received  great  interest  from  many  years .Accurate  modeling 
of  such  discontinuities  is  of  fundamental  importance  for 
successful  monolithic  integrated  circuit  design. In  fact 
increasing  circuit  complexity  needs  very  efficient 
numerical  techniques  in  order  to  solve  elactromagnetism 
problems. In  this  mind  when  mods  matching  method  in  thu 
discontinuity  plane  is  used,  it  is  necessary  to  determine 
the  set  of  modes  with  as  accuracy  as  possible. More  ever  for 
boxed  losseless  structure,  it  has  been  shown  that  complex 
modes  can  occur,  so  that  ignoring  those  modes  would  lead  to 
non  accurate  solutions  [1]  [2]. 

The  properties  of  complex  waves  have  been  investigated 
In  detail,  both  theoretically  and  experimentally  for 
shielded  circular  dielectric  rod  [3], [4]  and  for  boxed 
microstrip  line  1.2]. 

Up  to  now,  most  of  published  works  oonoern  the 
possibility  of  propagation  of  complex  modes  in  lossless 
structure  and  only  a  few  works  foouse  on  complex  and 
backward-wave  modes  in  lossy  waveguides  [5]. So,  when 
shielded  mlcrostrip  lines  laid  on  semi-insulating  or  doped 
seml-oonductor  substrates,  are  considered  for  MMIC 
applications,  it  is  necessary  to  investigate  the  evolution 
of  complex  solutions  for  lossless  structure,  under  the 
effect  of  bulk  losses  in  the  substrate. 

In  this  communication,  by  using  spectral  domain 
approach  improved  by  asymptotic  expansions,  we  show  by 
means  of  coupling  integral  values  that  the  notion  of  quasi 
complex  inodos  can  be  introduced  for  lightly  lossy 
substrates.  Naturally,  for  lossy  structures  all  modes  have 
complex  propagation  constant,  so  in  our  mind,  the  quasi 
complex  modes  are  particular  modes  with  similar  behaviour 
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than  lossless  structure  complex  modes. 


MUMERICAT.  RESULTS 

The  studied  mlcrostrlp  geometry  Is  shown  in  figure  1. 
It  has  already  been  shown  that  complex  modes  can  be 
supported  by  this  lossless  structure,  using  the  Singular 
Integral  Equation  (S.I.K.)  or  the  Spectral  Domain  Approach 
(G.D.A.)  technics.  This  communication  addresses  the  effect 
of  a  lossy  substrate  on  complex  modes.  With  this  aim,  as 
example  we  present  fig.  2,  3  and  4  the  frnqentlal 

evolutions  of  the  two  propagation  constants  ‘2S' 2)  o 

pair  of  modes  Inltlaly  complex  on  lossless  structure,  then 
we  point  out  the  evolutions  of  these  modes,  when  wc 
consider  respectlvly  a  substrate  condqctlvlty  of  a>*3.10~^ 
S/cm,  0-7. 10  ^  S/cm  and  finally  a-2.10”*  s/cm. 

For  the  lossless  structure,  in  the  complex  frequency 
range,  we  obtain: 

™  Ill  -  j  (il  »■  ^2  “  “^2  “  j  “2  with  fli  -  I  “1  “  “2^0 

Now  let  us  investigate  this  pair  of  complex  modes  when 
lounes  are  taking  into  account.  As  shown  in  fig.  3,  4  and 
5,  in  the  inltlaly  complex  frequency  range  and  <^snnot 
yet  be  linking,  so  we  are  tempted  to  say  that  tha  pair  of 
complex  modes  becomes  two  usual  modes.  Indeed,  we  obtain  a 
continuous  variation  of  ^  1  and  'iCj  with  ai  never  equals  to 
02 .  Howeveir,  whan  we  take  into  account  small  values  of  the 
conduotlvity  (a-3.10”^  S/cm,  a-7.lo"^  S/cm),  we  have  to 
notice  that  if  we  consider  frequencies  smaller  than  the 
maximum  of  the  complex  frequency  range,  we  obtain  for  the 
two  modes  (fig.  2  and  3): 

^1  »  fli  -  j  ai  f  '2(  2  ”  "^2  “  j  ®2  with  fii  fl2>0  ,  ui  a2>0 

This  means  that  tha  mode  2  propagates  in  tha  -Z 
direction  and  it  is  attenuated  In  the  opposite  direction. 
This  phenomenon  is  equally  describing  by  the  fig.S  which 
represents  the  evolution  of  the  propagation  constant  for 
the  two  modes  versus  the  substrate  conductivity  for  a 
frequoncy  equal  to  19  GHz. 

This  apparent  continuous  energy  gain  on  passive  structure, 
can  again  be  explained  by  strong  coupling  in  energy  sense 
[1]  between  the  two  considered  modes  (yi,  pj  in  the 
frequency  and  conductivity  ranges  when  a  2”  ~^2  “  i  ^2  (^2 
and  ao  >0) .This  phenomenon  is  pointed  out  as  example  fig. 

6;  this  curves  show  the  evolution  of  the  real  part  of  the 
Integrals  (1)  versus  the  substrate  conduotlvity  for  a 
frequency  equal  to  19  GHz,  while  the  fig.  V  represents  the 
imaginary  part  of  these  integrals. 


y(ej^xh2*')d8  -  p  ;  ^(ejxhi^JflB  -  p'  with  p' — >  -p*  (1) 

In  this  proposition  of  conmunloation  we  have  studied 
the  evolution  of  the  complex  modua  uolutlons  Inltlaly 
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obtained  for  a  lossless  tnicrostrlp  line,  due  to  bulk  losses 
introduced  in  the  substrata. 

Naturally,  all  the  propagation  constants  of  the 
different  modes  become  complex.  In  fact  for  the 
conductivity  values  considered  (  a<2.lo“^  S/cm),  the  two 
initial  complex  modes  are  strongly  coupled  in  the  energy 
sense,  and  stay  much  more  coupled  a”ound  the  initial 
complex  frequency  range,  than  outside;  so  that  those  two 
modes  cannot  exist  alone  inside  this  range  ( ^  2"  ~  i  ^2 
,  (J2  ahd  aj  >0)  . 

As  the  frequency  behaviour  of  these  two  modes  are  quite 
similar  to  the  initial  complex  modes  of  lossless  structure, 
we  have  called  this  pair  of  modes  quasi  complex  modes. 

At  the  cortf erence  ,  ua  propose  to  present  in  detail  the 
notion  of  "quasi  complex"  inodes  on  lossy  substrate,  and  the 
improvements  of  the  well  known  Spectral  Domain  Approaclt, 
that  we  have  used  in  this  numerical  simulation. 
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Computer  Modelling  of  Helical  Slow- Wave  Structures 
for  use  in  Travelling  Wave  Tubes 

A.J.Marrison 

ALjA  Technology,  Culham  Laboratory, 

Abingdon,  Oxon.  0X14  3DB,  England. 


Abitrmct 

Tliii  paper  conccini  the  UM  of  the  Numerical  Klecnoiiiagiictice  Code  (NKC)  lu 
model  helical  elow.wave  etructuree  for  uee  la  'IVavelllng  Wave  UhTbei 
(TWT'a).  Propeitiei  euch  oa  coupling  Impedance  and  phaee  velucity  can  be 
obtained  Iruin  euch  mudela.  Theee  reeulti  ore  of  value  In  awcielng  the  cold  teil 
propertlei  uf  piopoecd  TWT  dcelgne,  and  fur  providing  calibration  data  fur  a 
2.U  oxlayiurnetilc  time  domain  partlr.lc-meah  calculation  of  the  eelf  conilatent 
Interaction  between  on  electron  beam  and  the  EM  Held  luppurled  by  the  TWT 
ilow-wave  ilruclure. 

NlfC  hoi  been  uoed  to  calculate  EM  Hclde,  coupling  Impedance  and  phoec  ve¬ 
locity  for  an  Idealieed  elow-wave  etructurr ,  the  aheath  helix  (helically  conducting 
cylinder),  both  with  and  without  a  coaxial  conducting  outer  cylinder.  The  reiiilti 
uf  thU  numerical  aiialyau  ore  prcaculed  and  ihown  to  be  in  good  agreement  with 
analytic  reeulte. 


1  INTIIODUCTION 

O'he  object  of  tho  work  doicrlbed  lu  thl«  paper  U  to  ueose  tho  poislbility  of  uting  tliu 
.Numerlciii  bluctroniagnetlce  Code  (NEC)  [i]  tu  model  belicaJ  ilcw-wavo  itructures  in 
three  (llineneioni.  UeeuUt  from  each  uumerlcol  inodeli  ore  of  value  In  evaluating  the 
cold  teat  propertlei  of  helical  IVavelliug  Wave  Tuhei  (’I'WT’i). 

This  p.iper  coucerits  the  use  uf  NEC  tu  model  ou  idealiaud  alow-wavc  itructure,  the 
aheath  helix.  Analytic  reaulta  forthia  atructurc  are  readily  available  [2]  for  compariaoii 
with  numerical  reaulta. 

Section  2  preaeuti  a  brief  deacription  of  the  aheath  lielix.  Thu  coiiatructlun  of 
numerical  thin  wire  nxodeli  of  the  aheath  helix  for  uic  lu  NEC  la  the  aubjccl  uf 
Section  3.  Section  <1  preuonte  the  reaulta  of  NEC  calculuUuua  uaiirg  aucU  mudela,  mid 
comparei  tiiem  with  analytic  leiuUi.  Concluiioui  are  drawn  in  Section  6. 

3  THE  SHEATH  HELIX 

The  alieath  helix  la  a  helically  conducting  cylindrical  sheet,  where  the  direvliun  uf 
conduction  uiokei  an  angle  V  with  a  plane  normal  to  the  cylinder  oxla;  there  la  no 
conduction  perpendicular  to  thii  direction. 

Mathematical  anolyaii  of  the  elecUoiaognetic  fields  supported  by  the  aheath  helix 
[2]  ahov/a  that  an  elnctroinagnetlc  wave  can  propagate  parallel  to  the  axis  of  the  helix 
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with  a  pha'ie  velocity  «,  given  by 


V,  =  r.  tan  1^1 


where  c  ia  the  apeed  of  light  in  vacua;  thia  aluw-wavc  has  the  form 

E  =  E(r,^)e<"'-^*i  (2) 

n  =  (3) 


in  cylindrical  polar  coordinates  Thu  quantities  of  greatest  inten-st  are  the 

wavonumhcr,  (),  and  the  coupling  impedance  2c,  where 


Zc  = 


p^r' 


(4) 


Here,  E  it  the  amplitude  of  the  z-compouent  of  electric  Held,  evaluated  on  the  axis  of 
the  sheath  helix,  and  i’  la  the  total  power  creating  a  plane  pcipei-.dicular  to  tile  lielix 
axis. 


3  THIN  WIUK  NUMEIUCAL  MODELS  f5E  THE  SHEATH  HELIX 

The  Numerical  klluctromaguutica  Code  (NEC)  |l|  ia  a  mvDiod  of  momenta  code  wliicii 
uses  straight  wire  lugiuents  and  turfacu  patches  to  model  physical  ubjet.ts.  Wlieii 
modelling  a  tingle  helical  wire  with  straight  wire  tegmenta  it  la  important  that  tlic 
number  of  eegmenta  per  turn  of  wire  it  large  enough  to  approximate  a  circular  cross 
isctlon;  levsral  helical  wires  modelled  In  thia  way  were  “acr-wed  together”  to  form 
a  thin  wire  approximatiou  to  the  helically  conducting  thualh  helix.  Thu  free  eiidt 
of  each  helical  wire  were  made  reaiative  to  ouaura  that  lellcctiona  from  the  wire  endt 
were  damped  out  before  reaching  the  central  portion  of  the  sheath  iielix.  Tills  retitlive 
loading  algidnuautiy  reduced  the  standing  wave  ratio  in  the  central  portiou  of  the  tldii 
wire  model,  to  that  conditions  in  this  region  closely  resembled  those  in  an  iiilinilcly 
long  sheath  helix;  this  enabled  a  direct  cumparisoa  to  he  made  iiutwcen  iiuiuuticdl 
results  and  those  obtained  from  analytic  treatments  (e.g.  Kef  [2])  wliicb  apply  to  an 
inrmitely  long  sheath  helix. 

Two  numerical  models  were  used  for  Input  to  NEC,  the  liist  a  thin  wire  modei  of 
a  sheath  heilx,  constructed  in  the  manner  described  above,  and  the  second  cum]>rlsliig 
this  same  model  of  a  sheath  helix,  plus  a  surrounding  concentric  cylindrical  wire  mcsli 
simulating  a  perfectly  conducting  cylindrical  outer  surrounding  the  aiieatli  helix.  TTiu 
wire  mesh  was  constructed  using  tire  ao-csllcd  “equal  area  rule"  [4j,  which  says  that 
when  modelling  a  solid  surface  with  a  wire  mush,  the  totid  surface  urea  of  the  wires 
should  cqusl  tile  area  of  the  solid  surface. 

Both  thin  wire  models  are  Illustrated  schematically  in  Figs.  1  and  2,  and  their 
details  are  given  in  Table  1.. 
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Model  1 

Model  2 

Length  of 
sheath  helix  (m) 

■■ 

1.6 

Pitch  angle  (ii) 

11.2“ 

waam 

Radius  of 
sheath  helix  (m) 

0.064 

0.064 

Turn  spacing  (m) 

0.08 

Number  of  single 
helix  copies 

Hi 

15 

N  umber  of  wire 
segments  per  turn 

miiiB 

20 

Radius  of 

conducting  outer  (m) 

no  outer 

2.0 

Total  number  of 
wire  segment? 

6000 

13230 

Table  1:  Model  piwameters 


4  RESULTS  AND  INTERPRETATION 

The  thin  wire  model  of  the  sheath  lielix  wa<  excited  by  applying  a  voltage  excitation  of 
frequency  300  MHz  (with  free  space  wavelength  Ag  -  Im)  to  each  of  the  helical  wires 
comprising  the  model.  The  resulting  fields  and  currents  were  calculated  by  NKC, 
both  in  free  space  and  in  the  presence  of  a  cylindrical  wire  mesh  surrounding  the 
cheeth  helix.  Figure  3  shows  the  amplitude  of  the  current  oscillation  induced  in  oiic 
of  the  single  helical  wires  plotted  as  a  function  of  wire  segment  number  [equivalent 
to  dlitt.ncis  along  the  wire).  The  large  peak  in  this  Figure  indicates  the  position  of 
the  voltage  excit;  .ion.  As  expected,  the  standing  wave  ratio  in  the  central  part  of  the 
wire  if  quite  low  at  ~  1-1  due  to  the  resistive  loading  described  in  Section  3. 

The  following  Subsections  present  those  numerical  results  of  particular  impor¬ 
tance  in  TWT  design:  namely,  the  axial  electric  Helds  inside  the  sheath  helix,  the 
wavelength.  A,  of  the  slow-wave  propagating  along  the  helix  axis,  and  the  coupling 
impedance  Z^.  Throughout  these  subsections,  cylindrical  polar  coordinates  (r,^,  z) 
will  be  used,  with  the  z-axis  coinciding  with  the  helix  axis. 

4.1  Model  1 

Figure  4  compares  the  values  of  the  axial  electric  Held,  E,,  computed  by  NEC  with 
values  obtained  front  analytic  expressions  [2];  the  Figure  shows  the  percentage  dif¬ 
ference  between  computed  and  analytic  values  of  E,  plotted  as  a  function  of  radial 
distauce  from  the  helix  axis.  The  computed  and  analytic  results  are  seen  tc  be  in 
good  agreement  until  sampling  points  approach  the  surface  of  the  thin  wire  model  at 
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Figure  3:  Amplitude  of  current  osciUntion  in  single  helix  copy 


Figure  4:  Percentage  difference  b^twees  computed  and  analytic  Es  va.  distance  from 
axis 
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the  extreme  right  of  Fig.  4;  when  thia  happeot,  the  diacrete  nature  of  the  thin  wire 
model  becomea  important,  and  helda  differ  aigaificantly  from  thoae  near  the  perfectly 
smooth  surface  of  the  idealised  sheath  helix. 

Figure  5  shows  the  amplitude  of  £.,  computed  on  the  helix  axis,  plotted  as  a  func¬ 
tion  of  z.  The  small  standing  wave  component  evident  in  this  figure  has  a  wavelength 
of  ~  0.1m,  so  that  the  forward  and  reflected  waves  combining  to  produce  it  have  a 
wavelength  A  0.2m-,  thia  figure  is  in  excellent  agreement  with  that  predicted  by 
eq(l)  of  Xotaaij)  =  0.196m,  with  Ac  =  fnt  *“<1  ^  =  11-2°  (eec  Table  1). 

A  numerical  integration  of  the  Poynting  vector  over  a  plane  perpendicular  to  the 
helix  axis  was  performed  in  order  to  calculate  the  coupling  impedance  Zc  (eq(4)).  This 
surface  integration  was  reduced  to  an  integration  over  a  radial  line  segment  by  assum¬ 
ing  azimuthal  symmetry  of  all  field  quantities,  in  accordance  with  the  assumptions 
made  in  analytic  treatments  [2],  This  assumption  is  justified  by  Fig.  6,  which  shows 
the  amplitude  of  £,  near  the  surface  of  the  thin  wire  model  plotted  as  a  function  of 
the  azimuthal  angle,  The  amplitude  of  the  variation  in  E,  is  only  2%  of  the  mean 
value  of  £r-  a  good  approximation  to  azimuthal  symmetry. 

The  numerical  integration  of  the  Poynting  power  gave 
P  =  1.98  X  10-*  W. 

Fi'om  Fig.  5,  the  amplitude  of  the  travelling  v/ave  component  of  £,  is  0.25  V/ni, 
and  with  the  wavenumber  0  —  =  31.4m~*,  cq(4)  gives  the  coupling  impedance: 

Z.  =  34.8  n. 


The  analytic  expression  for  Zc  [21  gives 


Zc  =  31.9  n, 

which  is  within  8%  of  the  computed  value. 

4.2  Model  2 

As  stated  in  Section  3,  this  Model  was  Identical  to  Model  1  apart  from  the  presence 
of  a  cylindrical  wire  mesh  of  radius  0.08m  surrounding  the  sheath  helix,  simulating  a 
perfectly  conducting  cylindrical  outer. 

Figure  7  shows  the  variation  of  E,  with  radial  distance  from  the  helix  axis,  out 
to  a  dlutance  of  four  times  the  radius  of  the  sheath  helix.  As  expected.  Be  vanishes 
outside  the  perfectly  conducting  outer  at  0.08m. 

In  Fig.  8,  the  percentage  difference  between  computed  values  of  E,  and  those 
obtained  from  an  analytic  expression  [3j  is  plotted  ss  a  function  of  r  out  to  the  surface 
of  the  thin  wire  model  of  the  sheath  helix.  Once  more,  computed  and  analytic  results 
are  in  excellent  agreement  until  sample  points  approach  the  surface  of  the  thin  wire 
model,  where  differences  between  computed  and  analytic  results  become  significant 
for  the  reasons  given  in  the  previous  Subsection. 
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Figure  9  ehowi  the  einpUtude  of  compulod  on  the  helix  exii|  ee  e  function  of 
a,  Agun,  there  li  n  imiU  itanding  wove  component  with  wavelength  'v  0.1m  giving 
a  travelling  wavu  wavelength  of  A  a  0.2in,  In  good  egreemeut  with  the  analytic  value 
of  0.202m  [3]. 

The  power  flowing  through  a  plane  perpendicular  to  the  helix  exie  wu  calculated 
by  a  uumerical  integration  of  the  Poynting  vector  in  an  Identical  manner  to  that 
daeciibed  in  the  previoue  Subiection,  giving 

P  =  a.94  X  10-*  W. 

Figure  U  glvet  the  amplitude  of  the  travelling  wave  component  of  H,  ae  7.4  V/m,  and 
from  eq(4),  the  coupling  Impedance  ie 

a,  ^  1B.9  n 


Tbit  reault  ii  within  4%  of  the  analytic  reiult  of  1B.6  ohini  [.3]. 


Figure  0:  Variation  of  amplitude  of  E,  lOong  helix  axie 


4.3  Summary  of  Rvaulta 

The  retulti  preiented  in  Subeectione  4.1  and  4.2  ace  aummariicd  in  Table  2;  there  1> 
excellent  agreement  between  computed  and  analytic  reaulta. 

5  CONCLUSIONS 

Numerical  moduli  of  the  iheath  helix,  both  with  und  without  a  conducting  outer, 
have  been  conitincted  from  e  finite  number  of  finite  helical  wixea .  Beiulti  from  the 
numerical  •nodels  are  In  good  agreement  with  analytic  reeulti. 
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'r4i)l«  2:  Comput«iJ  And  AiiaJyd'c  ratalii 

Kriori  In  th«  numtricnl  ruuUi  nr*  du*  to  Ik*  liuil*  Uu){tk  uf  iha  nuuuirlcnl  auudeli, 
which  glv*i  rli*  to  ra&actod  wnv**,  nod  to  th*  dlicrat*  untur*  of  tha  inudaW,  which 
l««li  to  ulmuthal  fi«ld  vnrintioai  that  do  not  appear  in  the  ideallBed  analytic  model 
of  tha  ihaath  balk. 

It  thuuld  h«  tamambarad,  howacar,  that  in  a  TWT  dadgu  application,  NhlC  will 
ha  uiad  to  modal  real,  fmlt*  hallcal  stiucturaa,  whai*  raflactad  wavoi  and  aaimuthal 
fiald  variation!  ar*  to  bu  axpactad;  tha  fact  that  liulta  uumarical  modalt  have  produced 
thai*  fanturai  It  aacouraging. 

Th*  work  reported  bar*  givei  confidence  that  NKC  !•  an  appropriate  code  for 
luudelUng  hallcal  tlow-wave  liructurei,  capable  of  predicting  the  electromagnetic  liclde 
within  tha  itructure  with  a  typical  error  of  lets  than  6%. 
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ElEaiUCALLY  TRIMMED  ARRAY  SYNIHESIS 
FOR  SOLID  STATE  RADAR  APPUCATTONS 


M.A  Hiujiain,  13.  Noble,  ajnd  M.  McKee 
General  Electric  Research  uiul  DcvclupmciU  C'cntct 
Schenectady,  New  York 


1,  INTROUUCTTON 

In  this  paper  we  briefly  give  results  und  outline  a  new  upproacli  to  the 
synthesis  of  electrically  trinuned  arrays.  We  use  a  dctcrinimstic  method  to  ob¬ 
tain  a  highly  tliinned  space  ta])crcd  array  design  (buttcrily)  fur  solid  state  rad.M 
applications. 

For  simplicity  of  design  and  iniplcnientatiun  we  consider  only  space  ta- 
|)ered  und  liighly  thiimed  arrays  with  unifurm  current  ilistribution  for  the  ele¬ 
ments.  It  is  well  known  in  the  literature  that  for  random  as  well  u.s  space  ta- 
I>ercd  arrays,  the  control  of  sidelubcs  is  extremely  diil'icult  and  is  predominunt- 
ly  deterruhied  by  the  nuinbcr  of  elements  hi  the  array  (Ref.  [1,2]). 

Low  sidelubcs  close  to  the  main  beam  together  with  low  average 
sidelobes  play  a  dominant  part  in  the  two-way  beam  utiliaatiun  in  radar  systems 
in  ttic  presence  of  clutter.  Our  method  allows  for  very  strung  control  of  tlic 
ne.tr-in  sidelobes  and  soft  control  of  the  average  sidelubcs.  Unequally  spaced 
rows  of  elonieuts  discourages  the  presence  of  grating  lolres,  and  the  sidelobes 
away  from  the  mahi  beant  follow  the  niuthciuatical  distribution  studied  in  the 
theory  of  random  arrays, 

Out  analysis  is  based  on  Taylor's  analysis,  with  Woodward’s  method  for 
one  dintensional  case  and  Dossier's  representation  fur  the  circular  case.  In  a 
previous  paper  (Ref.  [3])  we  have  outlined  the  method  for  the  circular  aper¬ 
ture.  In  this  paper  we  tiuve  extended  the  method  to  nuncircular  geumcti  ics. 
Tlic  irinuulng  of  the  shape  is  dune  by  a  simple  algorithm  for  the  locution  of 
elements  in  the  transverse  direction.  TTie  algorithm  for  the  determuiation  of 
the  nuiuber  of  elements  in  each  row  uses  Taylor’s  theorem  to  avoid  singulari¬ 
ties  of  the  illumination  hmctlun;  at  the  same  time  it  also  uses  asymptotic 
Dolpli-Tchcbychefl  theory  for  the  control  of  the  zeroes  near  the  main  beam. 


The  results  are  quite  interesting  in  tlie  sense  that  the  algoritluu  gives  (he 
desired  pattern  and  at  the  same  time  dictates  the  slupe  of  the  aperture.  Tire 
results  are  given  in  the  accompanying  figures.  Figure  1  gives  the  locution  of  the 
clciTicritSi  figured  2a  ouu  2b  shoW  tlic  pattciu  uistributicii  for  Ofic  SCt  of  poIdiU* 
cters  with  the  near-hi  sidelobe  controlled  to  40dB;  figures  3a  and  3b  .show  the 
pattern  disiribution  for  another  set  of  parameters  with  neai-in  sidelobe  con  - 
trolled  to  50dB. 
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2.  TWO  DIMENSIONAL  IN1E2KAL  EQUATION 

The  planar  aperture  integral  equation  for  the  illiunination  function  leadii 
to  the  following  space  factor  equation  (using  spherical  coordinate  0  and  i  ), 

A 

Where  A  represents  urea  enclosed  by  a  rectangle  2a  by  2b.  We  assume  a 
special  current  distribution  represented  as  a  product  form  J ((,>}) 
over  a  rectangular  area  and  further  assume  symmetric  geometi7.  Equation  (1) 
reduces  to. 


A  b 

n  -  4/  y  i(f)  cosfl:  wX  d(f  JxM  coi{k  v)t)  dt)  (2) 

0  0 

where  u  «  sinAcoss^  v  •  siufcin^.  Let 
2a  N  it  M 

«  CIO,  jtt;  “  ft/?,  —  “  — ,  Equation  (2)  can  be  written  as; 

n(S.^)  -  (3) 

Where 

«  W 

/•’  1  (u )  ■  2/g  1  (a)cos(o«  V osmd  F2  (“ )  “ 2 fiii(p)co$(pu  )d0 
u  0 

Above  equation  (3)  arc  exactly  the  integral  equation  solved  by  Taylor  [4]. 


3.  NUMERICAL  SOLUTION 

In  our  approach  we  use  numerical  inetliod  rather  than  analytic  method 
fur  the  solution  of  the  integral  equation  usiitg  Woodward’s  synthesis  tech¬ 
niques.  Tlic  result  are  identical  to  those  of  Taylor  [4] .  As  in  T  aylor’s  result, 
however,  the  sidelobes  are  not  of  equal  magnitude  as  was  the  case  with 
Dolph-Tchebycheff  analysis.  To  make  them  equal  we  iterate  around  the  zeros 
and  a  convergent  solution  is  obtained  In  a  few  Iterations.  The  details  ore  given 
in  [5]  and  briefly  outlined  below:  ljetgi(p)  have  the  following  Fourier  expan¬ 
sion: 


Do 

gi(p)  “-T*  E 

for  0<p<)r  nthcrwiscgi(p)-0  forp  >x'.  Substituting  equation  (4)  into 


(4) 


(1) 
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equation  (3)  we  have 


^i(u)-2,r(— 


sm(^  u) 
X  u 


J^i  ^  r(u+m)  n(u.m) 


from  (5)  wc  have: 


2x 


Dcnotini;  f'i(m )  byF„,  wc  have  fiom  equation  (4)  oiul  (6); 

Slip)  “  7^(^’o  +2  cos(m  p)) 

m-l 


(b) 

(7) 


Suppose  tiiat  we  decide  ttuit  our  far  field  pattern  sliould  have  zeroes  at  n»m 
form>M,  then,’ 


ISi(p)  -  ~(Fo  +2  S  «*»("'  P)) 


This  gives; 

Fi(u)  -«o(u)  Fa  +  F„  a„{,u) 

m»l 

where  uq  (u )  "  5in()ro )  /  nu 


««(«) 


sin(y  (u  ^•m))  ^  sliify  (u-wi)) 

jT  (m  +wi)  jr  (m  -m) 


(S) 


('>) 


(10) 


From  (9)  and  (10)  we  have  F(n)  >0  for  a>M,  and  hence  the  Taylor's  synthesis 
theorem  is  satisfied  for  finite  value  of  the  illuniinutiou  function.* ** 

We  normalize  so  that  F(0)  "Fo  »  1.  TTien  we  have  M  unknowns, 

Fi  F^.,.,Fm  at  our  disposal  to  control  the  size  of  the  sidelobes  atul  tlie  null 
points.  Also  the  knowledge  of  givesgig,)  from  equation  (7).  We  now  set  up 


*  M  coiTCSpoadi  to  V- 1  in  Taylor's  piper. 

**  From  here  on  our  method  dUJerii  oonilderibly  from  that  of  T.  7'.  7'aylor.  Ttylur  intruduccs  a  siny.lc 
itietchuig  parameter  for  tbifUng  M -t-l  zeroca.  On  the  other  hand,  we  uie  these  M  degrees  ul  Iree- 
dom  to  form  the  desired  pattern. 
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M  sunultaueouii  linear  algebraic  equations  for  the  deteimination  of  the  t). 

The  details  of  examples  are  given  in  ref.  [5].  It  should  be  noted  that  the  pro¬ 
duct  form  of  the  illumination  function  leads  to  extremely  small  sidelobes  in  the 
u-v  plane  away  from  the  axis  and  hence  the  success  in  rectangular  designs  for 
solid  state  radars. 


4.  ARBITRARY  SHAPE  or  AN  AI'ERTURE 


In  general  the  two  dimensional  integral  equation  may  be  very  difficult  to 
solve.  In  tills  section  we  outline  another  special  case.  We  assume  that/ ((,17)  is 
a  function  of  f  only  and  the  apc:  turc  can  be  described  by  /i(x) . 

Using  the  syinmctry  condition  equation  (1)  can  be  simplified  to: 

ii(fl,^)-4/(j(o— 4^^  co,(kitm  (11) 

u  ^ 


n(ff.0)-4J7(€)/i(«  cos(fai^)J{  (12) 

0 

Comparing  above  equation  with  equation  (3)  we  see  that  that  the  special  case 
treated  here  gives  a  similar  equation  except  the  illumination  function  has  much 
broader  metming  e.g.  for  the  case  of  uniform  illumination  we  get  an  integral 
equation  for  the  aperture  distribution  functiuii.  This  will  now  Ik  compared  to 
space  factor  fur  a  set  of  discrete  elcinems. 


5.  UlSCRETC  DISlRlBUnON  OF  ELEMENTl\S 


Consider  a  set  of  elements  on  the  x-y  plane  located  at  dx„,„dy„„  . 

Ilie  usual  clement  factor  can  be  wriUcu  as 

£  m  -  ( 13) 

m  n 


Cuiisidviiiig  a  syiiunetnc  case  let 

dx„„-(U„,  +  “(m-1),  forOT-l,..J?,  m . 

Equation  (13)  then  reduces  to 
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(14) 


£(4I,^)-22W„.( 

m 


sin( 


kvN„ 

4 


) 


/V„sin(^-) 


)cus{kdx,„u) 


From  above 


L(Q.O)‘X^M„cos(klx„,u) 

m 


(15) 


aiid  the  curnparuiun  with  the  previous  cases  is  straightiowaid. 

In  general  for  the  design  of  discrete  synthesis  we  have  to  locate  butir  dx„  us 
well  as  the  nuiuber  of  elements.  The  analysis  has  been  carried  out  sunilar  to 
given  in  reference[3],  Here  for  illustrative  purpose,  we  talce  some  quadratic  dis¬ 
tribution  of  the  location  of  the  rows  and  compute  the  number  of  elements  from 
analysis  of  Taylor's  synthesis  as  described  in  the  previous  section  by  foicing  the 
illumination  function  to  have  zeros  at  the  locution  given  by  Taylor  theory.  The 
detail  analysis  will  be  submitted  sooil  Some  preliminary  result  arc  given  in 
figure  1  showing  the  layout  of  elements  and  figure  2  giving  element  pattern  h  u' 
744  elements  and  similar  pattern  for  1 195  elements. 


6.  CONCLUSION 


In  tills  paper  we  have  outlined  our  method  for  discretization  of  a  non- 
circular  aperture  witli  a  set  of  rows  which  are  further  discretized  us  a  set  of  ele¬ 
ments  on  a  row.  These  elements  have  the  same  current  inagi  liludcs.  Fur  prac¬ 
tical  reason  we  have  only  concentrated  on  the  near  side  lob».  To  puruphrusc 
Prof.  Lz)  (ref.  [2]),  thinning  as  well  as  randomization  of  location  has  not  been  a 
success  for  reduction  of  side  lobes.  The  diH'iculty  of  tliis  problem  may  be  attri¬ 
buted  to  the  fact  that  the  sidelobc  level  depends  on  the  element  spacing  hr  a 
highly  nonlinear  nuuuier,  and  that  in  general  there  is  no  aiuilytical  method  to 
detenaine  the  highest  sidelobe  level  nor  the  angle  and  du'cction  in  wliich  the 
highest  sidelobe  may  occur,  even  with  idl  the  element  positions  given.  Except 
for  smaller  arrays,  a  numerical  search  with  a  modeni  computer  is  considered 
impractical.  The  reason  is  that  the  highest  sidelobe  position  does  nut  change 
continuously  with  the  cieroent  positroa  With  this  understanding  it  is  nut 
surprising  to  find  that  so  far  ail  attempts  for  thinning  and  space  tapering  are 
not  very  successful.  The  dyiuunic  programming  technique  bus  aLso  been  at¬ 
tempted  (refs.  [14]  and  [16]).  Our  method  has  coucentruted  only  on  the  near 
sideiobes,  with  a  fair  degree  of  success.  We  ore  still  in  the  process  of  refining 
our  method  and  the  re.sults  will  be  communicated  sooa  TTie  array  design  algo- 
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rithai  will  hftve  applications  in  many  fields  c.g.  sonar  and  ultrasound. 
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Figure  1:  Layout  and  Location  of  Elements,  ButterfV  Design. 
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Fijiure  3a:  951  Elements,  SOdB  Design 
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GUIDED  WAVE  PROPAGATION  ON  TWO-DIMENSIONAL  CLUSTERS 


OF  DIRECTLY-COUPLED  CAVITY  RESONATORS 
Ross  A.  Speciale 

General  Dynamics,  Air  Defense  Systems 
P.O.  Box  50-800,  MZ  601-71,  Ontario,  CA  91761-1885 

ABSTRACT 

We  are  attempting  to  determine  the  guided-wave  propagation 
properties  of  electrlcally-large,  two-dimensional  delay  structures, 
composed  of  clusters  of  directly-coupled,  high-Q  cavity  resonators, 
ordered  in  either  a  square  or  In  an  hexagonal  lattice. 

The  unit-cells  of  the  delay  structure  with  square  lattice  are 
four-port  cavity  resonators,  with  elth  *s  square  or  circular  cross- 
section,  exhibiting  -symmetry.  Thio  type  of  delay  structure  also 
has  C;^-synunetry,  plus  obvious  translational  symmetries  in  eight 
directions,  spaced  azlmuthally  by  45°  from  each  other. 

The  unit-cells  of  the  delay  structure  with  hexagonal  lattice 
are  six-port  cavity  resonators,  with  either  hexagonal  or  circular 
cross-section,  exhibiting  C^^-symmetry .  This  second  type  of  delay 
structure  also  has  C^y-symmetry,  plus  obvious  translational 
symmetries  in  twelve  directions,  spaced  azimuthally  by  30"  from 
each  other. 

Delay  structures  of  either  type  are  intrinsically  imago- 
matched,  up  to  their  outer  edges  or  external  boundaries,  where  an 
unconditional  impedance  match  can  be  obtained  by  connecting 
appropriate  multiport  load-networks. 

Our  objective  is  to  determine:  a)  The  width  of  the  propagation 
passbands,  as  function  of  the  cavity-to-cavity  coupling,  b)  ThR 
dispersion  characteristics,  or  in  other  words  the  image-phase- 
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rotation  dapandanoa  upon  fraqpiancy,  within  any  givan  paeaband  and 
for  any  given  vaiua  of  tha  cavlty-to-cavlty  coupling,  c)  The  extant 
of  azimuthal  anisothropy  of  tha  wave  dlaparalon  charactariatlca,  In 
a  contlnuouB  360°  azimuth  span  through  all  translational  synunatry 
axes,  and  d)  The  frequency  dapandanca  of  tha  imaga-lupedanoa  matrix 
of  the  clustarad  delay  structure,  defined  at  any  planar  interface 
cutting  edge-to-adge  across  tha  whole  structure,  at  tha  discrete 
location  between  unit  cells. 

The  used  approach  considers  the  unit-cells  as  linear, 
reciprocal,  multiport  natworlcs,  exhibiting  either  C^^-symmatry  or 
C4,,  -symmetry,  consistent  with  either  the  square-lattice  or  the 
hexagonal-lattice  ordering  of  the  unit  calls.  This  approach 
applies  the  general  theory  discussed  in  a  previous  paper  [Ref.  1], 
but  specializes  tha  treatment  to  the  case  of  unit-cells  constituted 
by  high-g  cavity  resonators,  that  are  assumed  to  be  characterized, 
analytically  or  experimentally,  by  a  complex,  multi-dimensional 
scattering  matrix. 

Because  of  the  expected  hlgh-Q  of  the  unit-cells,  an  initial 
analysis  has  been  performed,  by  assuming  loselessness,  besides 
reciprocity  and  the  appropriate  type  of  symmetry.  This  combination 
of  constraints  largely  reduces  the  complexity  of  tha  analysis,  by 
drastically  reducing  the  number  of  independent  real  parameters 
required  to  fully  characterize  a  unit-cell.  Indeed,  already 
uecause  of  reciprocity  and  symmetry  alone,  only  three  complex 
quantities  out  of  the  16  entries  of  the  4x4  scattering  matrix  of 
a  four-port  unit-cell  have  different  values,  and  this  Introduces  a 
single  degeneracy  among  the  four  eigenvalues  of  the  scattering 
matrix,  that  also  reduce  to  only  three  different  complex  values. 
Further,  if  losslessness  is  also  assumed,  the  three  differing 
eigenvalues  become  unlmodular  (thus  falling  on  the  unit  circle)  ,  so 
that  the  three  real  angular  arguments  of  thess  eigenvalues  may  be 
conveniently  assumed  as  the  only  free  parameters  of  the  reciprocal, 
symmetric,  and  lossless  four-port  unit-cell,  and  of  a  two- 
dimensional  delay  structure  with  square  lattice. 
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similarly,  for  six-port  unit-cells,  because  of  reciprocity  and 
symmetry  alone,  only  four  complex  quantities  out  of  the  36  entries 
of  the  6  X  G  scattering  matrix  have  different  values,  and  this 
introduces  a  double  degeneracy  among  the  six  complex  eigenvalues, 
that  also  reduce  to  only  four  different  values.  Finally,  if 
losslessncss  of  the  six-port  unit-cell  is  also  assumed,  the  four 
different  eigenvalues  become  unitnodular,  so  that  the  four  real 
angular  arguments  may  be  conveniently  assumed  as  the  only  free 
parameters  of  the  reciprocal,  symmetric,  and  lossless  six-port  unit 
-cell,  and  of  a  two-dimensional  delay  structure  with  hexagonal 
lattice.. 

This  drastic  reduction  in  the  dimensionality  of  the  problem 
has  made  possible  to  derive  closed-form  expressions  of  the  image- 
impedance  matrices  and  of  the  imago-transfer-function  matrices  of 
both  the  tour-port  and  the  six-port  reciprocal,  symmetric  and 
lossless  unit-cells,  as  direct  functions  of  either  analytically  or 
experimentally  obtained  scattering  parameters.  Calibrated 
scattering  parameters  can  be  easily  obtained,  from  a  physical  model 
of  a  single  multiport  cavity  resonator,  by  means  of  an  automated 
vector  network  analyzer. 

The  image- impedance  matrix  of  a  single  unit-cell  uniquely 
determines  tho  image- impedance  matrix  of  an  electrically-large 
clustered  delay  structure,  defined  as  stated  above,  at  any  planar 
interface  cutting  edge-to-edge  across  the  whole  structure,  at  the 
discrete  location  between  unit  cells.  The  image-impedance  matrix 
of  a  single  unit-cell  also  uniquely  determines  the  appropriate 
multiport  load-networks  to  be  connected  along  the  structure 
external  boundaries  to  obtain  an  unconditional  impedance  match. 

The  image-transfer-function  matrix  of  a  single  unit-cell 
uniquely  determines:  a)  Ths  dispersion  characteristics  of  the  delay 
structure  within  any  given  passband,  b)  The  guided-wave 
attenuation,  as  funct.ion  of  frequency,  within  any  given  stop  band, 
and  c)  The  natural  port-modes  of  the  unit-cell  (defined  by  the 
eigenvectors  of  the  image-transfer-function  matrix) , 
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Abatruct 

A  iiK'tliucl  ul  iiiuiiieut^  liululiuii  Ls  fui  tiu'  •  uni'  ut  u  budy 

ul  I'l'vultiliuii  in  till'  iii'i'avnu'  of  I'Mciti'd  tviii.>8.  lianiH  fimdiuns  iiii'  iini'd  on  ull 
of  till'  uurfacvn  and  wiivn,  and  toiini'tiiK'iiUy  ull  coiiliihutiunb  to  tin-  l  uillutiun 
lii'ld  aie  iiiclliilod.  I'bi  tlii'  siii'i  iai  caae  of  tli«  wire  fund  point  on  tlin  body  axis, 
of  I'utatioii,  only  lliv  odd  uaiiiiulliul  iiiodvb  arv  iviinirud.  Tliia  fact  alonit  '^dli 
syniiiii'tilys  bolwi'ini  tlin  posilivi'  and  iit'gativi!  iiiodi'H  lan  by  usi'd  to  ai  liiiivy 
a  aignilicaiit  roductloii  in  tliy  largual  matrix  lliat  iiiuat  bn  invovtod  for  a  givyii 
antenna  lire.  (Jaliulated  ryaulta  are  nliown  to  be  in  (lood  ageonienl  ivitii  other 
caiculaled  and  iiiyabured  data  for  cavity-barked  dipiileK  and  npiraln. 

I.  Introduction 

A  large  tlaas  of  impoitaiit  practical  aiiLoimas  are  comprised  of  Ivo  basic  geoiiictrie 
structures:  wires  and  surfaces  of  revolution.  I’riiiiary  exaiiipbis  are  cavity  or  gvouml 
plane  backed  spirals  and  dipole.s.  However,  electrically  large  rotationally  syiiimetrii'. 
rcllectors  fed  by  tlie  above  antennas  also  fall  into  lliis  category. 

Higli-frequeiicy  tecliniques  are  cuiiittionly  used  to  predict  the  pei  fornianci,  of 
tliese  aiiteiiiias  [t,2).  I'br  example,  tlie  presence  of  the  botfom  of  a  cylindrical  cav¬ 
ity  is  apirroxiinatcd  by  a  ground  |>iaire  and  the  radiation  from  the  wire  and  its 
image  are  calculated.  The  contribution  from  the  rim  is  estimated  using  GTU.  The 
primary  deficiency  in  this  approach  is  that  the  iiilcractiinis  between  the  wire  and 
cavity  ore  neglected,  and  these  con  be  .significant  because  of  the  small  electrical  size 
and  closeness  of  the  structures. 

The  method  of  moments  (MM)  is  ideally  suited  for  the  analysis  of  these  an¬ 
tennas.  MM  solutions  for  bodies  of  tevoluliou  (UOlU)  and  wires  are  well  known, 
and  a  combination  of  the  livo  is  straightforward.  In  the  following  sections  the  MM 


soluliuji  fur  liUlts  and  wiivii  iu  uuliiiiccl,  aiid  suniu  iiiUucsUiig  i>roi)Oi'tic;!i  uf  llic  rc- 
sulliiig  matrix  uquutiuii  aro  discuwied.  Tim  sululiou  is  iiiipluiimnti^d  I'ur  planar  wire 
structures  such  as  dipules  and  s|)irals,  and  llie  MM  n'Hiilt.s  ais'  I'nuipare.d  to  other 
calculated  and  measured  data. 

II.  Analysis 

A.  Method  ot'  Moments  Solution 

The  antenna  radiation  prohleiii  considered  here  is  a  special  case  of  tlie  mure  geni'i  al 
problem  ol  ra.Iiation  Irom  wires  in  the  presence  of  liUlU.  The  suintion  of  the  I'f-lield 
integral  e.piatiun  [ItFlK)  usiiiK  MM  has  lieen  presented  by  several  anthuis,  how 
evi:r  the  formulation  rluo  to  Mitschang  and  .Schafer  in  (S)  applies  directly,  except  for 
tiie  junction  basis  fnuclions  winch  will  nut  bo  needed  for  the  anleinuis  cunsideteil 
here.  The  details  of  the  solution  will  not  be  leimated  other  than  to  inlioduee  no 
latiou  or  point  out  exploitable  features  that  apply  to  the  specilic  yj'omelry  at  luiml. 

The  cuonlinate  system  lor  the  anienna  is  shown  in  hignie  1.  The  eavity  iixi.s  of 
symmetry  is  the  x  axis,  and  for  praetical  anienna  desigii.s  llie  wire  will  be  eenlered 
on  this  axis.  As  de.seribed  in  (d),  the  siirfacs-  is  segmenli'd  into  faceted  rings  and 
the  wir<'  into  short  .-(egmenls.  An  arcleiigtl.  variable  i  is  delined  whieli  is  radially 
outward  ou  I  he  surfai  e.  lit  the  ease  uf  the  wire,  a  variable  lu  is  specilied  tangent 
to  file  axis.  A  second  component  of  eurrenl  is  ri‘<iuired  on  the  .surface;  this  in  the 
aximuthal  or  0  eonipoiM'nt  shown  in  h'igun-  I.  'I'ln-  sidiseetiomd  b.isis  fiinetions  ai'e 
as  follow.s: 

surface; 


4,  = 

(1) 

Ih 

j't  =  e-'"'^ 

m 

(' 

'2jru 

7',(i)  i.s  the  triangle  function  (wliirli  extends  over  two  segments,  i  and  i  I  1)  and 
l){t)  is  the  pulse  luue.tioii.  'I'he  aziinithul  index  u  runs  from  oc  to  00,  but  ean  be 
Irunealed  at  small  values  of  11  (say  N)  and  still  give?  excellent  r(;sulls  lor  the  autemia 
geometries  considered  here.  Ihe  Ihin-wiie  appruxiiiialiou  is  assumed,  and  u  is  the 
radius  ul  the  wiixe  'A  discu.ssion  h  bug  t(»  tin*  choice  of  Iht^st;  basis  funetiuiis  is 
given  in  [d].  I'inally,  the  .suriaee  cni  inil  is  expressed  tis  a  weighted  sum  of  all  the 
basis  functions 
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Figure  1:  Cavity  .iiid  win:  geometry  for  tlie  motliot!  of  momenta  aolution. 


i:  'ElZjZ.  +  'LKnjl  +  E^trZ  .  (4) 

na— A/  ^mal  |)al  9*1 

whiu'u  M,  P  and  Q  arc  llie  number  of  wire,  aurfacc  f-dirccted  and  surface  ij>  -directed 
basis  functions,  respc^ctively. 

TestiiiK  functions  are  diusen  accurdiiiK  to  Galcrkin’s  nictliod,  and  the  standard 
MM  iirucodure  is  used  to  reduce  the  EKIli  to  a  set  of  simultaneoUH  linear  equations 
that  can  he  written  in  the  fuiiuwinjf  block  matrix  form; 


yM»  ygw  /•.  V* 

J  L  J  L  . 

'I'hc  vector  I  contains  the  current  coclCcieuts,  the  excitation  elements,  and  the 
superscripts  s  and  w  refer  to  surface  and  wire.  The  elements  of  the  im)iedance 
matrix  ^  can  be  coniputed  using  the  formulas  in  Table  2  of  [3].  Each  submatrix 
Z“  III  (5)  can  in  turn  he  writh'ii  in  block  form  as 


[i:i‘  Hi*]' 


It  can  he  shown  from  the  explicit  expressions  for  tlie  elements  that 

Z"  -  Z" 

Zlt,  ^  -'i'rt 

Z*'  -Z*‘ 

Zt^^Z^ 


K’  =  («) 

where  'I'  signifies  transpose.  The  surface- wire  terms  are  of  two  types:  and  Z*'", 

and  liave  tlie  following  symmetry 

ytw  _  yiw 

ztr,  =  ^  ’ 

Not<>  that  t  he  presence  of  the  wire  coini)licates  the  matrix  problem;  if  the  antenna 
were  purely  a  UOR  tlie  impedance  matrix  would  be  block  diagonal. 
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13.  Matrix  Reduction  for  Wire  Excitation 

VVlii-ii  only  Uii'  wire  alnttluiv  is  oxt  ilol  il  is  poaslljlo  U>  InviiU  Uu'  inveibioii  in 
(5)  into  il  si'iii'.s  of  siiiiilloi  iiuiUix  iiiwisions,  iiiiil  Ihnrcby  rnduco  Uu'  coni]mlin 
nininuvy  icquiii'iiii'iila  lor  ii  givi'ii  iuilciiiiii  sliii'.  'I’lio  siuiiililiculioii  is  aci'oiiililUlicd 
via  Wooilbiny’s  iilnnliLy  jf)] 

=  (4  I  f/lV)-'  ---  A-‘  +  (111) 

wlicK  '£  is  till'  iilc'iilily  niiil.rix  iiiiii 


A  = 


aiKl 


W  - 


y  M 

A, 

A, 

^'N 

k 

rwM- 

/l.s 

1) 

0  ■ 

■  lii 

U  ■ 

u  = 

•/»w 

u 

a: 

ii. 

0 

•/HIV 

0 

ih 

0 

0 

1 

0 

I 

0  • 

, .  p  . , . 

0 

2 1 

0 

0  •• 

•  U 

1  ' 

ywt- 

'/lilt 

«1 

t-’l 

... 

('.  •• 

•  ('.v 

0 

(11) 


(12) 


(13) 


I’or  nolaUonal  siui|)lidty  mnv  nuitiiics  A,  U  and  C  have  been  deiiiied  rorrespoudinx 
to  Z‘“‘  mid  idoin  wilii  a  new  index 


.1  -  n  I  Af  -1-  1,  (H) 

so  Uiat  »  takes  on  values  from  i  to  .V  ~  'IN  f  1.  I'Voin  (8)  it  is  apparent  tlial 

=  (i''>) 

'I’lie  inverse  of  A  is  easily  computed  sineo  il  is  block  diagonal 
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Null;  that  till;  uiati  ices  Ai  and  D  are  those  lliat  would  have  to  be  inverted  if  the 
suifiVJO  and  wire  ijrobleina  were  solved  indejiendently.  The  only  additional  matrix 
inversion  is  imbedded  in  the  determination  of  Xi  and  Xs  through  the  use  of  (18). 
The  Ai  are  (/'  +  Q)  by  (.P  +  Q),  D  is  M  by  Af  and  X  is  2M  by  2M.  Solving 
(5)  directly  would  require  inverting  a  inatrix  of  dimension  S(l‘  +  Q)  +  M  rather 
tliaii  the  maximum  of  (P  +  Q)  or  2M  as  required  by  (20).  The  2M  limit  could  be 
reduced  to  M  if  X\  and  X3  are  inverted  using  partitioning,  Thi.s  is  a  significant 
reduction  for  antennas  with  long  wires  such  as  archimediau  spirals,  in  which  case 
M  is  much  larger  than  {P  +  Q). 

C.  Matrix  Reduction  for  Center-Fed  Wires 

In  the  case  of  a  pure  liOU  illuminated  by  a  source  located  on  the  axis  of  symmetry, 
only  the  n  =  ±1  modes  are  required  to  determine  the  current  coellicients.  This  is 
hecause  the  excitation  elements,  which  are  given  by 

(21) 

Si* 

are  aero  unless  u  =  d;l.  It  is  true  even  if  the  source  docs  not  have  rotational 
symmetry,  e.g.,  if 

- 

ft’itic  •-  (PiiCoaifiO  -  (22) 

wliore  Pii  and  l')i  are  not  equal.  This  can  be  proved  relatively  easily  by  substituting 
/t'i,,..  aiid  the  testing  functions  IV, *•  (the  complex  conjugates  of  the  corresponding 
ha.sis  functions)  into  (21)  and  performing  the  integration. 

A  similar  result  iiiighl  be  expected  when  the  only  nonzero  wire  excitation  ele¬ 
ment  is  the  triangle  centered  on  the  UOll  axis  of  rotation.  In  fact  there  is  a  milliug 
of  the  even  modes  duo  to  a  combination  of  zero  elements  in  the  row  of  that  cor¬ 
responds  to  the  only  non-zero  element  in  V”.  A  rigorous  proof  is  dillicult  because 
it  requires  tracking  the  matrix  symmetries  v/hile  progressing  through  a  series  of  in¬ 
versions  and  mulliplii  alions.  Therefore  the  following  heuristic  proof  is  olfered  in  liu 
of  a  formal  one.  The  i.sult  has  been  verified  computationally  for  dijioles  and  spirals. 

The  particular  geometry  of  interest  is  shown  in  Figure  2.  The  feed  point  of 
the  wire  is  located  on  the  BOR  axis  of  symmetry.  The  wire  is  assumed  to  be 
symmetric;  that  is,  equal  wire  lengths  on  each  side  of  the  BOR  axis.  This  simplifies 
the  analysis  but  is  not  a  requireuieut.  If  all  of  the  segments  have  equal  length  A, 
then  the  number  of  wire  segments  will  be  even,  and  the  number  of  basis  functions 
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I’igiin!  ‘J:  Syiiinirliy  coiulitioiis  for  on-axis  oxcilatiou  of  tlic  wire. 

{M)  odd.  Tlio  iutoiactioa  'o<rlwoen  the  excited  triangle  and  the  surface  is  given  Ijy 
the  surface-wire  iinpedace  element.^  in  (9).  I'br  the  first  type 


i  -  ^  y  d(  /cf^y  dui (2:i) 


whore 


-jkli 


e  = 


M  +  l 


(24) 

(25) 


and  the  primed  quantities  signify  deriviatives.  The  circular  curve  in  Figure  2  rep- 
lesciits  a  t  =  constant  arc.  For  two  source  points  on  the  center  triangle  at  -f- ui  and 
-m,  there  is  a  symmetry  in  0  for  lest  points  on  the  arc 
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R+(.^)  =  lt-(4>  +  v) 


(26) 


[t-{4>)  =  R*(4>  +  ^)  (27) 

—  \f(p  T  i»)^  +  ±2pw  sin'^{<j>j2) .  .8) 

I'iist,  ('xain'iiic  tlio  last  tciii  in  the  square  brackets  in  (23).  The  integration  with 
respect  to  t  and  its  associated  quantith^s  are  omitted  since  it  will  be  shown  Lhal 
the  iiilegrand  goes  to  zero  for  each  value  of  I.  'The  integration  can  be  performed 
over  a  single  segment  (half  o,'  ‘.he  triangle)  rather  that  two  segments  because  of  the 
syiiimetry  in  w 

A  'Jr 

I  <iw  j  +  if.(;r)T;(-ia)i.  (29) 

u  u 

Till-  slope  of  the  triangle  fliiis  at  iii  =  0 

7';(u.)  =  -ra-w)  (30) 

null  because  i;'(/i*)  is  periodic  in  2)r,  the  two  terms  in  (29)  cancel. 

1  ''cewise,  Ineakiug  out  the  contributions  from  H-ut  and  —w  for  the  iirst  term  in 
(.hi),  using  t,  ■  lilt  ~  roMi/)  and  dropping  constants  gives 

A  lift 

j 'l't[w)<lii>  y  d(^eo.s<i(,"''"*(0(/i+) -I  i(>(/D).  (31) 

u  0 

Using  (2(1)  aiKl  (27)  in  (31) 


Lk  /f 

Jr,{'r)dw  /d-A{co.s-<,(i( -■'’■«'|./.(ff+)  +  ie(/i'')|  +  'o,s(iA+)r), -'(i/.(/f+)  +  v(y7-)l) 

'J  0 


wilieh  reduc;  ..i 


(32) 


J  r,uc)d,n  j d4,cos4>,--‘"*[,!>‘^R+)  +  dd/rjifi  -  (-1)")  (33) 

■>  i) 

(Hill  tiiiis  vaiiislu’f.  Un  n  ovrii.  A  siiiiilai  iirguinriil  holds  for  tho  Mirfao**  wirr* 
impcthinct*  rlciiKMK s  of  th<’  s^toikI  iy|)<*. 
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For  the  geometry  ctescribed  above,  equations  (28^  and  (33)  imply  the  that  center 
column  in  Z*”,  n  even,  will  be  zero.  Because  of  the  symmetries  between  the  types 
of  impedance  elements  and  modes,  the  zero  center  column  is  present  after  each 
matrix  operation  in  (20).  The  final  matrix  for  the  n*^  mode  is 

[(Z“)-*Z,rAT(Z'““')-MV“'  (34) 

where  the  resultant  matrix  in  the  square  brackets  has  M  columns,  the  center  one 
all  zeros.  Since  M  is  the  only  non''-  lo  row  in  the  vector  V",  the  final  result  is  a 
column  vector  containing  all  zeros. 


For  the  odd  modes,  equation  (20)  becomes 


^-N 

(Zi*„)-‘Z1'X,A,(2““)-‘F“'  ■ 

(Z“)-'ZlfX,(Z““')-V“' 

= 

(Z,")-‘Zf“'A',(Z““')  'V" 

Ik 

(Zi(?)-'Zj(rA'i(Z"“')-‘V“' 

r 

(Z"")"'  -  {Z"'’")-'A'3(Z“''")-V" 

with  N  odd.  Making  use  of  the  symmetry  between  positive  and  negative  modes,  it 
is  only  necessary  to  calculate  one  of  the  two 


■  >U ' 

lt„ 

[  -it 

If  the  sum  in  (18)  is  accumulated  using  only  positive  (or  negative)  modes,  then  a 
factor  of  two  must  be  added  before  the  inversion  is  pcrrornied. 


To  summarize,  if  the  wire  feed  point  is  located  on  the  BOll  axis  of  rotation, 
then  it  is  not  ne<  r-ssary  to  consider  the  even  modes  when  solving  for  the  ciirreiit 
coetficieutr  I  rmore,  because  of  symmetries  due  to  the  particular  geonieliy 

and  the  aziinu  modes,  the  matrix  equation  need  only  be  solved  for  either  the 

positive  or  negative  modes;  the  other  set  is  simply  oblaiiied  by  multiplying  the 
appropriate  coefficients  by  —  1 . 


III.  Calculated  Results 

Onci!  the  <  iiri«’nl  cwfliciciilu  are  known  the  radiated  electric  field  is  easily  ralcii- 
late<i  [3].  The  solution  d»;scTibed  above  lias  been  applied  lo  .several  touimoiily  used 
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[•'igurc  3:  l'riiK:i|)al  plane  )vattoin3  for  a  cavity-backed  dipole.  (The  dimensions  are 
taken  from  (ti|.) 

cavily  hacked  wire  antemias.  The  principal  plane  radiation  patterna  of  a  cavity- 
hacked  dipole  are  siliowii  in  Figure  3,  and  those  for  a  cavity-backed  dipole  array 
with  one  eieinenl  excited  in  Figure  4.  Thu  E-plauc  corresponds  to  ^  =  U°  and  the 
11-plaue  to  0  =  90°.  In  both  cases  the  dimensions  are  chosen  to  be  the  same  as  the 
designs  in  [tij.  'I'he  results  are  (essentially  converged  for  n  =  ±  1.  When  the  rt  =  ±3 
iiiodi’s  were  .idded  the  change  in  tin?  pattern  was  al>out  1  dB  at  the  -30  dB  level 
and  le.ss  at  higher  levels. 

The  radiation  patterns  for  a  5.5  turn  6-inch  two-arm  archimediaii  sprial  with 
a  cavity  and  circular  ground  plane  are  shown  in  Figure  5  for  a  fremiency  of  .75 
(illi:.  The  iiii'iisu'-ed  data  was  taken  on  a  printed  circuit  spiral  witli  line  widths  of 
.13.5  im  h  and  an  interline  spacing  of  .135  inch.  The  gain  of  this  spiral  is  plotted  in 
Figure  (j  fur  several  fienueiieies  along  with  data  from  [7).  Both  the  measured  and 
caU  ulaU’d  gain  fur  tin;  .5.5  turn  sipral  was  cuiisislently  low  compared  to  the  curve 
from  (7).  In  the  ease  of  tin;  measured  data,  sonur  of  this  dilference  may  he  due  to 
feed  lu.sses  (estimated  to  he  .4  dB).  The  remainder  may  hr  due  to  the  inefiiriency 
iida'ii  it  i:i  a  small  nninher  of  turns. 
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Figui'c  4;  I’riiicii'al  plane  patterns  for  a  cavity-backed  dipole  array  with  one  element 
excited.  (Tlic  dimensions  are  taken  from  [6].) 


Figure  5;  (Comparison  of  calculated  and  measured  ))rineipal  irlane  pattiTii.s  for  a 
cavity-backed  spiral. 
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IV.  Summary 

A  method  of  nioiuonts  solution  for  the  general  case  of  a  body  of  revolution  in  the 
inesence  of  excited  wires  has  been  described.  MM  is  ideally  suited  for  analyzing 
'iitenuas  of  this  type  because  it  is  a  means  of  modeling  both  the  wire  and  cavity 
that  i.s  sensitive  to  the  detailed  gcoiuclry.  For  the  special  case  of  the  wire  feed  point 
on  the  be  dy  axis  of  rotation,  only  the  odd  azimuthal  inodes  are  required.  This  fact 
along  with  symmetries  between  the  positive  and  negative  modes  crui  be  used  to 
achieve  a  significant  reduction  in  the  largest  matrix  that  must  bn  inverted  for  a 
given  antenna  size. 

Calculated  results  are  in  good  ageemenl  with  other  calculated  and  measured 
data  for  several  common  cavity-backed  wire  antennas.  Most  of  the  available  data 
is  for  simple  cupped  dipoles  and  spirals.  However,  more  complicated  mounting 
structures  can  be  included  in  the  MM  solution.  Thick  cavity  walls,  circular  ground 
planes,  and  chokes  are  some  examples,  liven  a  collection  of  disconnected  wires  in 
a  single  cavity  can  be  treated  with  only  a  plight  modification  of  the  code  [8],  and 
extending  tlie  surfaces  of  revolution  to  include  large  rellcctors  and  subreflcctors  is 
straightforward. 
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MOMENT-METHOD  MODELUNG  OF  THE  NORMAL-MODE 
HEUCAL  ANTENNA 


Y  J  Guo  and  P  S  Excell 

Department  of  Electrical  Engineering,  University  of  Bradford,  West  Yorkshire  UK 

The  normal-mode  helical  antenna  is  of  interest  as  a  convenient  design  for  realization 
with  high-temperature  superconductors.  Despite  its  simple  structure,  exact  modelling  of 
its  behaviour  is  far  from  simple  since  it  is  essentially  a  hybrid  loop-dipole  antenna,  a  type 
known  to  cause  instability  with  some  moment-ntethod  representations.  An  investigation 
of  the  resonant  frequency  performance  of  such  an  antenna,  excited  by  a  separate  loop, 
w^LS  undertaken  using  the  moment  method,  with  second-order  B-spline  functions  as  basis 
functions.  Stable  results  were  obtained  and  it  was  found  that  for  a  fixed  length  of 
conductor,  the  resonant  frequency  of  the  antenna  increased  with  the  pitch  and  decreased 
when  the  radius  of  the  helix  was  increased. 


Introduction 

The  clectrically-small  helical  antenna  is  a  propitious  design  for  realization  with  liigh- 
teniperature  superconductors,  since  it  is  of  simple  construction,  and  its  efficiency  is  poor 
wlien  realized  with  conventional  conductors.  Provided  it  is  operated  below  the  ’cross¬ 
over  frequency’  (above  which  the  loss  in  the  superconductor  becomes  worse  than  that  in 
copper),  superconductor  offers  tlic  possibility  of  greatly  improved  efficiency,  with  a 
concomitant  increase  in  Q-factor.  'nis  Ls,  in  principle,  true  for  any  clectrically-smull 
antenna  but  the  standard  electrically-small  loop  and  dipole  anteimas  have  to  be 
connected  to  tuning  capacitors  or  inductors  respectively,  causing  problems  in  manufac¬ 
ture  from  the  ceramic  higli-tempcrature  materials  [1].  Tuning  with  transmission-line 
stubs  is  also  possible  [2]  but  tlie  complete  system  is  then  no  longer  electrically  small;  it 
should  also  be  noted  that  electrical  connections  between  ceramic  superconductors  and 
conventional  conductors  have  been  found  to  be  extremely  unreliable. 

The  normal-mode  helical  antenna  (NMHA)  is  a  very  attractive  alternative  design,  since 
it  can  be  manufactured  using  existing  processes  for  production  of  superconducting  ’wire’, 
and  it  can  be  purasitically  connected  to  the  external  circuit  via  a  copper  coupling  coil, 
tlius  avoiding  the  need  for  electrical  connections  to  the  superconductor.  There  are  three 
convenient  approximate  ways  of  viewing  its  behaviour:  (i)  as  a  multi-turn  loop  antenna 
without  a  lumped  tuning  capacitor,  but  tuned  by  stray  inter-turn  capacitance;  (it)  as  a 
short  dipole  antenna  with  integral  central  loading  inductor,  in  which  the  ’arms’  of  the 
dipoie  have  vai  Jshed,  their  funciiuu  ueirig  pcifurmed  by  the  tunts  toward  the  ends  of  the 
helix  (a  natural  evolution  of  the  earlier  'fat  dipole’  design  [1]);  (iii)  as  a  coiled-up  sclf- 
rcsonant  half  wavelength  transmission  line,  llie  loop  and  dipole  viewpoints  arc 
particularly  useful  as  they  indicate  that  the  NMHA  inherently  radiates  in  both  modes 
simultaneously  and  its  ladiation  is  always  elliptically  polarized.  By  appropriate  choice 
of  the  dimensions,  the  polarization  can  be  made  circular,  or  nearly  linear  in  either  the 
6  or  <p  direction.  Tltc  parasitic  feed  arrangement  is  also  advantageous  in  that  it  provides 
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good  thermal  isolation  between  the  helix  and  the  loop  and  no  additional  matching 
network  is  required.  Since  the  antenna  operates  at  the  first  resonant  mode  it  is 
particularly  important  to  predict  its  resonant  frequency  precisely. 

A  moment-method  study  of  multi-turn  polygonal  loop  antennas  was  first  proposed  by 
Richards  [3].  Later,  Taylor  and  Harrison  presented  work  on  helical  antennas  [4].  Since 
they  both  considered  antennas  with  oniy  a  few  turns,  which  were  not  electricdly  small, 
few  general  rules  about  the  relationship  between  the  resonance  and  the  helix  parameters 
were  given.  Besides,  in  their  physical  models  the  helices  were  directly  excited  at  the 
middle  or  the  ends  and  the  helices,  together  with  the  sources,  formed  closed  structures. 
In  the  work  reported  here,  the  helix  was  isolated  and  consisted  of  many  turns.  Ibe 
circumference  of  each  turn  was  extremely  small  compared  with  the  operating  wavelength, 
so  care  had  to  be  taken  to  ensure  ^e  validity  of  the  moment  method  [5]  since 
eiectrically-small  loops  and  structures  combining  these  with  highly-charged  open-circuit 
stubs  are  known  to  be  particular  sources  of  instability  (an  attempt  to  model  the  antenna 
with  the  NEC  program  (G]  was  unsuccessful).  The  second-order  B-spline  function  was 
chosen  as  a  basis  functi<>ii,  since  it  has  better  continuity  than,  for  instance,  the  piecewise 
sinusoidal  function. 

Theoiy 

The  integral  equation  used  was  that  given  by  Taylor  and  Harri.son  [4]:  it  is  of  the  form: 

|ds‘G(s,s')[dVds'^k^(s.s')}  l(s’)-d/ds'l(s')G{s,s')f„  -  -j4r:k/n(E‘(s)-Z,I(s))  (1) 

where  E'  represents  the  impressed  field,  k  represents  the  wave  number,  tj  is  the  wave 
impedance  in  the  environmental  medium  and  Zj  the  internal  impedance  per  unit  length 
of  the  wire.  The  Green’s  function  G(s,s’)  is  given  by: 

G(s,s')  -  cxp(-jkR)/R 

where  R  is  the  linear  distance  between  two  points  denoted  by  s  and  s' .  The  application 
of  Eq.  (1)  dentands  that  the  pitch  of  the  helix  .should  be  at  least  four  times  as  large  as 
the  wire  radius.  Othcrwi.se,  the  proximity  effect  nin.st  be  taken  into  consideration  [7], 

Since  a  second-order  differcniiation  is  required  in  q.  (1),  the  following  second-order  U- 
splinc  function  was  u.sed  as  the  basis  function  to  replace  the  piecewise  sinusoidal  function 
adopted  in  [4]: 


-4/3lxP*l  W<l/2 

f(Jt)  -  2/3tiP-2bdf3/2  I/2slxl<3/2 

[  0  bli3/2 
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It  is  easily  shown  that  the  fit's!  order  derivative  of  f(x)  is  continuous.  Following  the 
standard  point-matching  procedures  of  the  moment  method,  the  current  on  the  helix  can 
be  found  from  Eq.  (1)  once  E‘  is  given. 

As  the  circumference  of  the  coupling  loop  is  electrically  very  small,  it  is  reasonable  to 
assume  a  uniform  current  Iq  on  it,  and  the  radiated  field  from  the  loop  can  be  taken  as 
the  impressed  Held  on  the  helix.  This  treatment  also  avoids  the  problem  of  modelling 
the  source  region. 

The  impedance  at  the  input  of  the  coupling  loop  is: 

Zj  -  Zjj  +  Zj2  (^) 

where  is  the  self-impedance  of  the  loop,  and  Z,2  represents  the  mutual  impedance 
between  the  helix  and  the  loop,  given  by: 

Zij  -  (i<->/y  /  A  ds  (4) 

where  A  is  the  vector  potential  of  the  current  on  the  helix  induced  by  4  and  the 
integration  is  over  the  coupling  loop  [SJ.  The  resonant  frequency  of  the  antenna  f,  can 
be  obtained  by  solving  the  equation: 

ImfZ;  -  0  (5) 


Using  the  equations  given  above,  a  Fortran  computer  program  was  written:  calculated 
results  are  presented  in  Table  1.  As  the  model  was  electrically  small,  a  convergence  test 
when  increasing  the  number  of  segments  N  was  first  undertaken  (Fig.  1).  For  low  N,  the 
resonant  frequency  varies  greatly  as  N  is  increased.  It  is  observed,  however,  that  when 
N  is  greater  than  30,  fluctuates  with  a  relative  error  less  than  0.8%.  Since  the  pitches 
of  adjacent  turns  varied  somewhat  in  the  experimental  helix,  which  seemed  to  have  the 
effect  of  reducing  the  resonant  frequency,  a  relative  error  of  2.8%  between  the  numerical 
and  experimental  results  is  quite  reasonable. 

After  a  helix  is  constructed,  its  resonant  frequency  can  only  be  adjusted  by  changing  the 
length  of  conductor  or  the  helix  parameters,  pitch  P  and  radius  R.  Due  to  the  nature 
of  ceramic  superconductor,  the  options  for  such  adjustment  arc  vei'y  limited;  the  length 
can  only  be  adjusted  downwards,  coarsely  and  irreversibly,  by  snapping  pieces  off;  only 
minute  adjustments  in  the  radius  are  possible-,  but  variation  of  the  pitch  over  a 
substantial  range  is  possible.  Richards  stated  [3]  that  the  resonant  frequency  is  mainly 
determined  by  the  wire  length  of  the  helix.  However,  the  results  from  the  program 
discussed  above  indicate  that,  for  the  elcctrically-smail  helix  with  constant  wire  length, 
there  is  a  close  relationship  between  the  resonant  frequency  and  the  helix  parameters. 
For  a  fixed  wire  length,  increasing  the  pitch  will  increase  the  resonant  frequency 
significantly,  while  increasing  the  radius  will  decrease  it.  The  resonant  length  can  be 
longer  or  shorter  than  a  half  wavelength  depending  on  the  parameters  P  and  R;  this 
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does  not  appear  to  have  been  noticed  by  the  previous  investigators. 

Conclusions 

The  lesonant  performance  of  the  loop^cited  normal-mode  helical  antenna  has  been 
investigated  by  the  moment  method  with  the  second-order  B-spUne  function  as  the  basis 
function.  Although  the  antennas  studied  were  electrically  very  small,  the  program 
provided  convergent  results  which  agreed  well  with  those  of  an  experiment.  It  was  shown 
that  the  resonant  frequency  of  the  antenna  is  closely  related  to  the  helix  parameters. 
When  the  wire  length  is  held  constant,  the  resonant  frequency  increases  with  the  pitch 
and  decreases  when  the  radius  of  the  helix  is  increased.  With  a  fixed  helix  diameter,  a 
critical  turn  spacing  exists  which  determines  whether  the  resonant  length  is  greater  or 
less  than  one  half  wavelength.  By  adjusting  the  turn  spacing  of  the  helix,  a  specific 
resonant  frequency  can  be  obtained. 

Computation  of  the  radiated  field  and  radiation  resistance  should  be  straightforward 
using  a  sinular  program,  although  this  has  not  yet  been  attempted.  Computation  of 
losses  and  the  Q-factur  is  much  more  complex  as  it  is  known  that  there  is  a  non-uniform 
current  distribution  around  the  wire  perimeter  [7]  and  currents  will  also  flow  tiansversely 
to  the  wire  axis  due  to  the  intcr-turn  capacitance.  These  matters  are  the  subject  of 
ongoing  work. 
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Table  1  Resonant  frequency  of  a  helical  antenna  with  varying  ’  "'ch  and  radius  and 
fixed  wire  length  L  =  4.88m  (=  X/2  at  30.7MHz) 


(a)  Fixed  pitch  =  0.004m 


radius  (m) 

0.03 

0.04 

0.05 

0.06 

0.07 

f,  (MHz) 

32.1 

26.9 

23.4 

21.5 

20.5 

(b)  Fixed  radius  =  0.03 18ni  | 

0.0032 

0.0038 

0.004 

0.0059 

0,007 

f,  (MHz) 

28.6 

30.3 

30.8 

35,2 

37.8 

Fig.  1  Computed  resonant  frequency  of  a  helical  antenna  with  varying  number  of 
segments.  Helix  parameters;  pitch  =  0.0038m,  radius  -  0.023m,  wire 
length  =  5.06in.  Experimental  result;  f,  =  35.5MHz 
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Abstract 

A  simple  0.47/t  dipole  was  modelled  using  ten  different  moment-method  formulations:  six  simpie  versions 
empioying  the  magnetic  frill  generator,  and  four  wcU-cstablishcd  published  versions.  The  terminal 
impedance  was  the  main  parameter  examined.  It  was  found  that  convergence  to  a  stable  solution  was  poor 
in  all  of  the  six  simple  formulations,  which  may  be  a  consequence  of  the  choice  of  generator  model.  Results 
for  the  resistance  were  all  similar,  but  reactance  results  showed  substantial  variation.  Some  wcU-cstablishcd 
analytical  solutions  showed  substantial  disagreement  in  both  resistance  and  reactance,  but  a  measurement 
agreed  well  with  the  mean  of  the  moment-method  predictions. 

In  a  separate  study,  the  impedance  of  folded  dipoles  operated  below  resonance  were  investigated.  The 
pattern  behaviour  was  similar  to  the  clectrically-smaii  loop  antenna.  The  impedance  was  found  to  be  prone 
to  extreme  instability,  induding  negative  resistance,  ccpccially  when  capadtivc  end-loading  was  added. 

1.  Introduction 

It  is  well  known  that  the  results  from  moment-method  computer  programs  show  variations  (which  may  or 
may  nut  be  significant)  when  the  segmentation  or  the  formulation  arc  changed.  An  investigation  of  this 
effect  wing  a  very  simple  test  object  (a  0.47X  dipole)  was  imdcitaken  using  a  wide  raugtc  of  formulations 
and  the  results  arc  presented  below.  Such  a  simple  dtpoic  is  clearly  a  useful  test  object  tot  intercomparison 
of  the  predictions  of  different  approaches,  not  least  because  it  is  amenable  to  analytical  solutions  as  well. 

Another  potentially  useful  test  object  is  the  clcdricaily-small  folded  dipole.  Thu  demands  that  this  places 
on  modelling  strategics  were  discovered  in  the  course  of  an  exerdse  to  compute  the  behaviour  of  such 
antennas,  as  they  arc  an  important  canonical  type  for  ’unintended  receiving  antennas’,  useful  in  EMC 
analyses.  The  problems  that  were  encountered  in  this  excrcitc  arc  outlined  below. 

2,  - Modgilinn  the  0.47X  Pinole 

A  simple  'half-wavelength’  dipole  was  modelled  using  ten  dilTerent  moment-method  formulations.  The  actual 
length  used  was  0.471,  to  accommodate  the  well-known  ptacnomenon  of  resonance  just  below  1/2;  the 
conductor  diameter  chosen  was  0.011.  The  formulations  tested  were  as  follows; 

1.  Rcaangular  pulse  basis  functions  and  point-matching 

2.  Piccewisc-iuicar  basia  functions  atxi  point-matching 

3.  Piccewisc-wusoidal  basis  functions  and  pomt-matchiag 

4.  Rectangular  pulse  basis  functions  with  Galcrkin’s  met^ 

5.  Pieccwise-lincar  basis  functions  with  Galerkin’s  method 

6.  Piecewise-sinusoidal  basis  functions  with  Galcrkin’s  method 

7.  Rectangular  pulse  basis  functions  with  a  modibed  Gaietkin  method:  separate  treatment  of  charge 

and  current  (the  MININEC  method  [1]) 

8.  Three-term  Irigonomctrical-functioa  bi^  functions  with  point-matching  (the  NEC  method  |2J) 

9.  Approximated  piecewise-linear  basis  functions  with  a  modified  Galcrkiii  method  (Chao  and  Strait’s 
method  [3]) 

10.  Reaction  integral  equation  solved  by  picccwiic-sinuioidal  basis  functions  with  Galcrkm’s  method 
(Richmond’s  method  [4]) 
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A  magnetic  friU  generator  was  used  in  the  first  six  methods  and  delta-gap  voltage  generators  in  the  other 
methods. 

The  results  of  convergence  tests  arc  shown  in  Table  1.  The  field  pattern  results  converged  to  a  realistic  value 
with  very  few  segments  and  were  not  considered  to  be  an  onerous  test:  impedmee  insults  were  thus 
concentrated  upon. 

It  was  found  that  convergence  was  poor  in  all  of  the  first  six  methods,  especially  in  the  reactance  results: 
this  may  be  due  to  the  use  of  the  delta-function  generator.  The  best  results  were  achieved  with  Galcrkin’s 
method  and  cither  of  the  piecewise  basis  funaions. 

The  version  of  the  Chao  and  Strait  program  used  became  unstable  before  complete  convergence  bad  been 
achieved.  The  other  'published*  programs  (methods  7,  8  and  10)  achieved  mote  rapid  convergence  than 
methods  1  to  6,  possibly  due  to  the  avoidance  of  (be  magnetic  frill  source. 

The  reactance  results  in  methods  1  to  6  were  all  in  the  region  of  14  ohms.  The  results  from  MININEC  and 
the  Richmond  code  (and  also  from  the  Chao  and  Strait  <x>de  before  it  became  unstable)  were  around  S 
ohms,  and  the  result  from  NEC  was  9  ohms.  For  comparison,  a  computer  implementation  of  T  T  Wu's 
analytical  long-dipole  model  [5]  (still  claimed  to  be  valid  at  a  half  wavelength)  gave  a  reactance  of  10  ohms, 
but  a  value  of  resistance  (90  ohms)  substar  liatly  different  from  that  predicted  by  the  numerical  models. 
Further  analytical  predictions  arc  given  in  tabular  form  in  Ref  (6),  together  with  some  experimental  results. 
Relevant  results  (interpolated  to  correspond  to  the  dipole  modelled  here)  arc  given  in  Table  2.  It  is  rather 
cxtraordinaiy  to  note  that  the  cxpcrifflcnial  result  agrees  more  ciosciy  with  the  numerical  predictions 
(especially  MININEC  and  Richmond)  Ibun  with  the  anaiyticat  predictions.  Given  that  an  experiment  euctly 
simulating  the  conditions  modelled  is  extremely  difficult,  and  that  analytical  models  still  involve  certain 
approximations,  these  results  beg  the  question  of  just  what  may  be  taken  as  (he  'true*  value  of  impedance 
and  they  also  serve  to  re-emphasise  (he  criticality  of  reactance  in  ,mtenaa  modelliug.  This  criticality  is 
particularly  marked  for  a  resonant  antenua  of  this  type,  since  the  rate  of  change  of  reactance  ivith  increasing 
antenna  length  is  extremely  high. 

3.  The  Elcctricaflv-Small  Folded  Pinole 

In  a  separate  study,  the  prcpurtics  of  folded  lUpoiea  operated  below  their  rcsoaout  frequency  were 
investigated.  The  behaviour  was  found  to  be  rather  tike  an  elcctricaily-small  loop  antenna,  but  with 
additional  subtleties  appaiently  caused  by  the  close  praximity  of  some  of  the  conductors.  Four  moment- 
mcchod  codes  were  tried:  NEC;  Chau  and  Strait;  Richmond;  and  TWC  (a  Bradford  code  using  the 
MININEC  solution  procedure)  [7].  With  NEC  (here  was  a  curious  instability  in  the  reactance  results  in  that, 
as  the  number  of  segments  was  increased,  the  resub  converged  to  a  stable  value,  then  went  unstable  and  then 
converged  again.  With  the  Cbao-Strait  code  the  resuUs  appeared  to  converge  rapidly  but  the  number  of 
segments  was  limited  by  the  implementatioa  used.  The  Richmond  code  was  very  unstable,  showing  negative 
resistance.  TWC  gave  rapid  convergence  to  realistic,  (table  results  (sec  Table  3). 

The  object  of  the  exercise  was  the  modelling  of  shapes  lihely  to  be  significant  in  radiative  electromagnetic 
compatibility,  and  to  tliis  end,  capacitive  stubs  were  attached  to  the  ends  of  the  folded  dipole  to  see  whether 
this  could  cause  a  reduction  in  the  reactance.  This  caused  serious  inil  lilies  (negslivc  resistance)  with 
NEC,  aiinougb  the  problem  could  be  cured  with  care.  TWC  appeared  to  g.vc  rapid  cunvmgcoce  to  ceiiabiu, 
stable  results.  The  problems  with  NEC  arc  known  to  be  related  to  well-known  problems  with  elcctricaily- 
small  loops  [8J. 
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Table  1; 


Impedance  and  Convergence  Re'.ulls:  0.47X  Dipole 


Method 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 


Resistance 


79 

79 

79 

79 

80 
79 

76 
78 
75 

77 


Reactance 


14 

14 

14 

14 

15 
15 
4.2 
9 
4 

5.5 


No.  of  Segments  for  Convergence,  N 


-19(1(R) 


~10C*(X) 

~90'(X) 

-80*?X) 

--90*(X) 

~60*(X) 

~60*iK) 

S0(X) 

>«)(X) 

>44(X)t 

35(X) 


^igurcs'  tbr  knee  ol  curve,  v^crc  dX/dN  iallT'to  a  relatively  sm'alt^alue:  in'all  cases  X  is  still  increasing 
slowly  at  N  =<  200  (maximum  value  tried). 

Values  of  X  given  are  for  N=200. 

tNot  fully  convcrgCM,  but  goes  unstable  with  more  segments. 


Tabic  2:  Analytical  and  Experimental  Results;  0.47X  x  O.OI  A.  Dipole 


Source 

Impedance  (n) 

Wu’s  long-dipole  treatment  [5] 

89.7  rj  10.0 

King  &  Wu  tubular  monopoic*  (6,p.ll] 

89.5-jl0.7 

King  &  Harrison  (hin  dipole*  [6,p.41( 

70.8+j0.3 

Hartig  monopolc  experiment*  |6,pp.l37*8| 

77.3+j5.1 

*iiilcrpuiatcd  from  tabulated  results  (munopulu  impedances  doubled) 


TablcS  Input  Impedance  of  an  electrically-sraall  folded  dipole 
antenna  using  the  NEC2  (with  extondod  thln-vlra  kernel  option) , 
TWC,  Chao  &  Strait  and  Richmond  programs. 


Codes 

No.  of  segments 
Hajor  Minor 

wiros 

<J* 

d/a** *** 

Input 

Impedance 

NEG2 

3 

1 

0.004 

4 

0,0052  + 

j  87 . 3 

5 

1 

0.004 

4 

0.0049  + 

J83.6 

7 

1 

0.004 

4 

0.0053  + 

J89.0 

IL 

1 

0.004 

4 

0.0077  - 

jl29.8 

17 

1 

C.004 

4 

0.0053  + 

J86.9 

23 

2 

0.002 

2 

0.0053  + 

J78.6 

23 

4 

0.001 

1 

0.0046  + 

j88.2 

TUG 

8 

2 

WM 

0.0027  - 

JO. 67 

12 

2 

0.0051  + 

j84.8 

18 

2 

0.0054  + 

j87.1 

24 

2 

0.002 

0.00‘^4  + 

j88.B 

24 

4 

0.001 

Hi 

0.0054 

j89.0 

Chao 

8 

2 

^2 

O 

c 

i86,4 

Strait 

12 

2 

0.002 

2 

0.0050  * 

j56.3 

16 

4. 

0.002 

2 

0.0053  + 

jli6.2 

24 

2 

0.002 

2 

- 

24 

4 

0.001 

1 

•A**  ...... 

Rlchin- 

6 

1 

0.004 

4 

0.0081  ^ 

)I13.3 

end 

8 

1 

0.004 

4 

0.0043  H 

j83,5 

10 

1 

0.004 

4 

-0.0027  4 

j83.8 

12 

1 

0.004 

4 

0.0120 

184.0 

14 

1 

0.004 

4 

0.0041  +  j84.2 

16 

1 

0.004 

4 

0.0210 

j84.6 

18 

1 

0.004 

4 

-0.0350 

JB4.9 

*  d  is  the  minimum  segment  length  iii  terras  of  wavelength. 

**  d/a  is  the  ratio  of  the  luiiiimura  segment  length  to  the 
wire  radius. 

***  Outside  program  limitatious. 
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Abstract 

All  approxiiiiation  can  be  used  to  avoid  tliu  coinplex  inallieiuaiics  and  computation  methods 
typically  required  for  calculating  tlic  gain  and  radiation  pattern  of  the  electromagnetic  horn 
antenna.  Because  of  the  curvature  of  the  antenna  wave  front,  calculations  using  conventional 
techniques  involve  solving  the  Fresnel  integrals  and  using  computer-aided  numerical  integration. 
With  this  model,  linear  approxiniatiuns  give  a  rcasr^nable  estimate  of  the  gain  and  radiation 
pattern  using  simple  trigonometric  functions,  thereby  allowing  a  hand  calculator  to  replace  the 
atmputcr.  Applying  selected  criteria,  the  ease  of  the  E-planc  horn  antenna  was  used  to  evaluate 
this  technique.  Results  showed  that  the  gain  approximation  holds  for  an  antenna  Hare  angle  of 
less  than  lO"  for  typical  antenna  dimensions,  and  the  E  field  radiation  pattern  approximation 
holds  until  the  antenna's  phase  error  approaches  60°,  both  within  typical  design  parameters.  This 
teeliniquc  is  a  useful  engineering  tool. 


INTRODUCTION 

In  general,  the  eleetromagnetic  horn  antenna  is  a  simple  aperture  antenna  used  to  provide 
a  smooth  transition  for  a  wave  traveling  from  a  waveguide  into  free  space.  The  dimensions  of  the 
waveguide  are  usually  chosen  to  allow  the  propagation  of  one  dominant  mode,  and  the  horn 
antenna  will  support  only  that  mode  by  acting  as  a  filter  for  other  modes  that  might  be  excited  in 
the  transition.  The  horn  antenna  has  the  advantages  of  high  gain,  relatively  wide  bandwidth,  and 
easy  construction.  However,  a  disadvantage  is  that  the  ealculations  for  determining  gain  and 
radiation  patterns  are  mathematically  rigorous  and  involve  solving  the  Fresnel  integral  and 
performing  numerical  integration  that  may  require  using  a  computer.  To  avoid  the  complex 
mathematics  and  computation  mcthtxls,  approximations  for  tlie  gain  and  radiation  pattern  can  be 
used.  As  with  other  engi  coring  approximations,  values  derived  from  the  calculations  arc  useful 
only  within  the  limited  coi.  nrainis  of  the  approximation. 


Research  sponsored  by  Department  of  the  Navy,  Naval  Air  Systems  Command  AIR.  5 161, 
under  Interagency  Agreement  ISOl-lSOl-Al  with  the  U.S.  Department  of  Energy. 

^Managed  by  Martin  Marietta  Energy  Systems,  Inc.,  for  the  U.S.  Department  of  Energy 
under  Contract  No.  DE-AC0S-84OR21400. 
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llie  case  of  the  E-plane  horn  antenna  was  ‘red  to  evaluate  the  feasibility  of  thn- 
approximation  technique.  The  E-plane  hom  antenc»  shown  in  Fij.  i,  is  ferm^  by  ti.trir.j  the 
waveguide  in  the  y-z  piane,  the  E-plane  of  the  antenna’s  aperture.  The  horizontal  dimension  of 
the  aperture  is  the  same  as  the  width  of  the  original  waveguide,  and  the  vertical  dimcn:>ion  is 
much  greater  than  the  height  of  the  original  waveguide. 


GAIN  AND  RADIATION  PATTERNS 


Knowledge  of  electromagnetic  horn  antenna  theory  has  been  around  since  the  1930s,  and 
derivations  of  the  gain  and  radiation  patterns  of  the  E-planc  hom  antenna  are  wcli 
documented.*'’  The  geometry  of  the  E-pIanc  hom  antenna  in  the  direction  of  the  vertical  flare  is 
shown  in  Fig.  Z  With  the  Hare,  the  waves  do  not  arrive  at  all  points  in  the  aperture  at  the  same 
time;  therefore,  they  form  a  cylindrical  wave  front  with  a  phase  error. 


In  Fig.  2,  the  length  of  the  antenna  flare  and  the  angle  of  the  flare  are  represented  by 
Sf  and  cc,  respectively.  The  phase  error  is  represented  by  <5(Y,),  since  it  varies  along  the  y  axis, 
and  can  be  expressed  as 


(1) 


where  the  phase  constant  as  a  function  of  wavelength  I  is  expressed  as 


(2) 


'Die  aperture  distribution  for  the  E-plane  horn  antenna  is 

E/y^  -  fy*'*’*’  . 

and,  by  substituting  Eq.  (1)  into  Eq.  (3),  can  be  expressed  as 

E/y^  -  E,e'‘'^‘^*  , 

where  £„  is  the  distribution  across  a  uniformly  illuminated  aperture. 

Antenna  gain  is  the  ratio  of  the  maximum  power  density  and  the  average  power  density  in 
an  antenna;  that  is, 


G  •  P  IP 

*  mMMf*  M 


(5) 


2b 


l^2a 


Figure  1,  The  E-plaiic  horn  antenna. 


OAN.-OWO  Mz-S4r« 


Figure  2.  Geometry  of  H'pUne  horn  antenna. 
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The  miiximuni  power  ciensity  is 


nr  J. 


(6) 


where 


S  =  area  of  ihe  aperture, 
dS  =  dlfferertlial  area  element, 
r;  =  intrinsic  impedance  of  the  medium, 

r  =  spherical  coordinate  indicating  the  distance  to  the  point  of  observation. 


The  average  power  density  is  the  total  radiated  power  for  the  area  of  a  sphere,  4;rr'.  Tnerefore, 
the  average  power  density  can  be  expressed  its 


4itr^ 


CO 


Tlie  terms  in  Eq.  (5)  can  be  replticed  by  Eqs.  (6)  and  (7)  so  lliat  the  gain  lx,‘comes 


G 


(8) 


Tor  the  aperture  distribution  of  the  E-plane  horn  antennti  given  in  Eq.  (4)  and  tlie  phase  constant 
in  Eq.  (2),  the  gain  is  calculated  to  be 


G 


8it 

blX 


s"(n)] 


where 


(10) 


and  C(p)  and  S()i)  are  Fresnel  integrals. 


l  ire  radiation  p.ittertis  represent  the  radiating  pro[)erties  in  the  far  field  of  an  antenna  and 
are  it  function  of  the  direction  from  tlie  antenna.  They  are  the  relative  intensities  of  the  £  and  H 
field.s  normalised  to  their  maximum  intensities.  The  E-tlcId  in  the  E-|)lane  of  a  rectangular 
:i)ierturc  is 


:  J  ... 


.JK, 

Xr 


(11) 


l-'oi  the  iiperture  distribution  given  in  Eq.  (4),  Eq.  (11)  can  be  expressed  as 
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(12) 


“  “  Xr  2  J-k  ‘ 


Tim  integral  in  Eq.  (12)  has  no  closed  form  and  must  be  evaluated  by  numerical  means.  Using 
numerical  integration,  the  integral  will  take  the  form  of 

_  21,  f(jCisme.5)  .  (1^) 

where  F(Kbsin(?,(5)  is  the  relative  E-Held  radiation  pattern  for  the  E-plane  horn  antenna.  A 
graphical  representation  of  F(KbsinO,<5)  is  shown  in  Fig.  3. 


The  H-field  in  the  E-plane  of  a  rectangular  aperture  is 


(14) 


By  substituting  the  aperture  distributlrtn  in  Eq.  (4),  the  H-field  can  be  expressed  as 

,s*  ^  4ab  g(l*)  -  cosfiC^iitO) 

u  2  ^ 

^  1  -  KusinO) 

n 


n  Xr  2 


(15) 


Thus,  the  relative  Il-lield  pattern  is 


£(jCflsinO)  = 


ccs(ArasinO) 

1  -  (■?•  AiJsanO)^ 
n 


(16) 


Figure  4  is  a  grtiphical  representation  of  tlie  relative  Il-l'ield  radiation  pattern  ti.s  ti  function  of  the 
direction  from  the  antenna. 


GAIN  APPROXIMATION 

An  iipproach  to  approximating  the  gain  can  lie  the  ratio  of  the  power  rtidiated  by  the  E- 
plane  hom  antenna  (P,,)  to  the  power  raduited  by  a  lo.ssIess  isotropic  antenna  (P,);  that  is, 

G'  ^  ^  ,  (17) 

with  a  linear  approximation  of  the  E-planc  horn  antenna  wave  front  Ixting  used  to  estimate  P|.. 
IFie  ratio  of  P|  and  P|:  ean  he  derived  by  letting  the  magnitude  of  the  E-field  strength  from  the 
isolroiiic  antenna  (E|)  equal  the  magnitude  of  the  E-field  sfength  from  the  E-pliuie  horn  antenna 
(E,.);  that  is. 
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(18) 


|£,1  "  |£xl  - 


For  the  isotropic  antenna,  the  power  density  (Pqi)  can  be  used  to  relate  P,  and  E,  since 


^D1  ~ 


(19) 


and 


(20) 


By  setting  the  power  density  terms  equal,  E|  can  be  expressed  as 


N  4itr" 


(21) 


If  the  intrinsic  impedance  is  replaced  by  r/  =  I2Q;r  =  377  for  the  far  field  and  consideration  is 
given  to  the  isotropic  nature  of  the  antenna,  the  magnitude  of  the  E  field  strength  is 


l£,l 


(22) 


Figure  5  shows  a  linear  approximation  of  the  E-planc  horn  antenna  wave  front  that  will 
divide  the  wave  front  and  the  antenna  into  two  sections,  each  acting  as  an  independent  horn 
antenna.  With  the  linear  approximation,  the  vertical  dimension  b  can  be  replaced  by 

d  -  ,  (23) 

cosa 


The  phase  error  is  zero,  and  the  angular  direction  away  from  the  antenna  is  approximately  the 
angle  of  the  antenna  flare. 

With  the  linear  approximation,  the  aperture  distribution  is 

E,{X^Y^  -  E,  ,  (24) 


and  from  Eq.  (1 1),  the  E-field  is 

.  (25) 

By  solving  the  integrals  in  Eq.  (25),  the  E-field  can  be  exprcs.scd  as 
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E.  -  2j  — -  cos^  £■  2a 


sin(y  dp,  sing) 


Jt:42  sing 


Also,  if  the  d  term  is  replaced  by  its  value  in  Erj.  (23),  the  E-field  becomes 


£  =  ^  cos^  £  £  Jf" 

if  2  “  cosa 


ajinfy  2>/2  tana) 


K  bp  tana 

So,  from  the  E-field  in  Eq.  (27),  its  magnitude  can  be  expressed  as 
|££ 


4ab 


£„  eo8^  — 
ir  cosa  ■■  2 


sin(g  bp  tang) 
K  bp  tana 


(26) 


(27) 


(28) 


However,  the  magnitude  of  E,;  is  not  expressed  in  terms  of  P,,,  and  the  power  density  of 
one  section  of  the  antenna  (Pqi;)  will  have  to  be  used  to  leialc  and  P|,;  ih.it  is. 


(29) 


and 
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(3(1) 


lablooea 


By  setting  the  power  density  terms  equal,  E„  can  be  expressed  as 


T)  P^f2  csss 

N 


By  substituting  the  intriasic  impedance  i]  =  120rr  =  377  and  Eq.  (31)  into  Eq.  (28),  the 
magnitude  can  be  expressed  as 

I  I  ,  Aab  bOrt  P,  cost  ^  rtin(Ard;2  tana)] 

'  ’  A./-  co*a  lab  2  [  AT  i/2  Una  J  ’ 


(31) 


(32) 


With  the  magnitude  of  the  E-field  from  the  E-planc  horn  antenna  in  Eq.  (32)  and  the 
magnitude  of  the  E-field  from  the  lossless  isotropic  antenna  in  Eq.  (22),  the  equality  set  forth  in 
Eq.  (18)  can  be  completed  and  will  yield 


1*0  P,  _  4ab  60n  cotta  ^  a  *sin(Ji:d/2  tang) 
r  Xr  coea  2<ii  2  K  bl2  tana 


(33) 


By  squaring  both  sides  of  Eq.  (33),  manipulating  the  terms,  and  substituting  the  value  of  the 
phase  constant  K,  the  ratio  of  P,  and  P^  and  in  turn  the  approximated  gain  becomes 


C'  = 


16r  «/A  bIX 


cos*  <^/2  sin()t  i/A  tana)  ^ 
cosa  n  b/X  tana 


(.34) 


Graphical  representations  of  the  actual  gain  and  derived  gain  approximation  results  are 
shown  in  Figs.  6  and  7,  where  the  vertical  aperture  dimension  b/X  varies  with  the  lioiizontiil 
aperture  dimension  of  alX  =  0.5  and  an  angie  Dare  of  a  =5°  and  «  =  10“  respectively.  Using 
tlie  criterion  that  the  approximated  values  fall  within  3  dB  of  the  calculated  values,  the  results 
show  that  the  gain  approximation  holds  for  an  antenna  flare  angle  of  less  than  10°, 


RADIATION  PATTERN  APPROXIMATION 

As  shown  in  Eq.  (16),  the  H-ficld  radiation  pattern  in  the  H-plane  is  rather  simple  to 
calculate,  making  it  unnecessary  to  use  an  approximation  to  derive  it.  However,  the  E-ficId 
radiation  pattern  in  the  E-p!anc  is  more  complex  and  requires  the  use  of  numcricul  integration  fur 
its  evaluation.  From  Eq.  (13),  the  actual  E-fickl  radiation  pattern  can  be  expressed  as 

f(iCfwne,4)  -  i  f  *  t(T,  .  (35) 

The  pattern  of  the  E-plane  horn  antenna  is  shown  in  Fig.  8,  and  the  relative  £-flcld  radiation 
pattern,  as  a  function  of  direction  and  phase  error,  has  been  shown  in  Fig.  3. 
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Q«in  (dB) 


n 

o 


•ctual 

•pproxlmdtdd 


t/\  “  O.S 

a  ■  6 


1.1 


1.0 


to  ».0  ».'•  4^0  4.0 

V«rtio*l  DImtntion  b/X 


l.l  0.0 


Figure  6.  Actual  gain  vs  approximated  gain- 
ay^  =  0.5,  -  5^  h/X  =  0.5  to  6.0. 


<0 


Figure  7.  Actual  gain  vs  approximated  gain- 
aM  =  0.5,  a  =  10“,  biX  =  0.5  to  6.0. 
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Figure  8.  E-pluiic  horn  antennu  pallcrn. 

An  approach  to  approximat-'ng  (he  E-field  radiation  pattern  can  be  similar  to  the  one  used 
fur  (he  gain  approximation  in  the  sense  that  the  antenna  will  again  be  divided  into  two  sections, 
with  each  acting  as  an  independent  antenna.  Figure  9  shows  the  gcometiy  of  each  section  and  its 
associated  pattern.  An  estimate  of  the  total  radiation  pattern  will  encompass  a  combination  of 
the  individual  radiation  pattens  related  by  the  angles  of  diiciuion  9'  and  0". 

An  appro.ximation  of  the  E-planc  radiation  pattern  will  involve  the  radiation  patterns  of  (he 
individual  sections,  which  can  be  expressed  as 

FiKb^d')  -  (.%) 

ATteine' 

and 

f=-(Ar6sine")  =  .  (.^v) 

XZttinO" 

Ihc  radiation  patterns  in  Eqs.  (36)  and  (37)  arc  the  patterns  for  the  E-plane  radiation  from  a 
rectangular  aperture.  Ftom  Fig.  9,  the  angles  9’  and  9"  ate  related  to  the  original  angle  of 
direction  0  and  the  flare  angle  a  of  the  E-p!unc  horn  antennu  by 
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-D»  t 


l  igurc  9.  Geometry  of  E-plaiie  radiation  pattern  approximation 


and 


(38) 


(39) 


'llie  E-pliinc  radiation  pattern  approximation  will  combine  Ei)s.  (36)  and  (37)  and  can  be 
expressed  ax 


F'iKbsm  =  i  , 

2  KbsmQ'  tCbsind" 


{W) 


llie  final  exitrcssion  in  Eq.  (40)  is  actually  only  half  of  the  sum  of  the  rudialion  patterns  of  the 
two  sections  because  of  the  overlap  between  them. 


Graphical  representations  of  the  actual  E-field  radiation  pattern  and  the  approximated 
radiation  pattern  are  shown  in  Figs.  10  and  11  foi  maximum  phase  error  valties  of  15°and  60“ 
re.s|iectively.  Using  Ihc  eriteritin  that  the  apjiroximated  values  fall  within  3  dB  of  the  calculated 
values,  the  E-field  radiation  [latlern  approximation  holds  until  the  antenna’s  phase  error 
approaches  60°. 


Rslaifya  Radaiinn  Pattarn  Relativa  Radiation  Pattern 


Figure  10.  Actual  vs  approximated  radiation  pattern- 
maximum  phase  error  =  15°. 
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Approxlmatad 
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4.0  0.0 
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Fig'  e  11.  Actual  vs  approxima'ul  radiation  pattern- 
maximum  phase  error  =  60°. 
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CONCLUSIONS 


A  gain  and  radialinn  pattern  approximation  can  be  used  to  avoid  the  complex  mathematics 
and  computation  methods  typically  involved  in  calculating  the  gain  and  radiation  pattern.  A 
hand-held  calculator  can  be  used  to  solve  the  trigonometric  terms  in  the  approximations,  while  a 
computer  may  be  required  to  calculate  the  Fresnel  integrals  in  the  actual  gain  equation  and 
perform  numerical  integration  to  determine  the  actual  radiation  pattern. 

Wlicn  the  ilarc  angle  of  the  E-plane  horn  antenna  is  less  than  10°  for  typical  antenna 
dimensions,  the  3-dB  criterion  for  the  approximation  is  met  However,  the  correlation  between 
the  actual  and  approximated  gain  falls  off  quickly  when  the  angle  flare  is  10°  or  greater.  When 
the  phase  error  is  15°  or  less  for  the  antenna,  the  approximatioi)  criterion  for  the  radiation 
pattern  is  met  Except  for  the  regions  around  the  multiples  of  n,  the  approximated  radiation 
pattern  holds  up  well  until  the  phase  error  is  over  6(f. 
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FAR-FIELD  PATTERNS  OF  ULTRA  HIGH  GAIN  ANTENNA  ARRAYS  OF  FINITE  SIZE 


Ross  A.  speciale 

General  Dynamics,  Air  Defense  systems 
P.O.  Box  50-800,  HZ  601-71,  Ontario,  CA  91761-1885 

ABSTRACT 

We  are  attempting  to  establish,  by  rigorous  formal  and 
numerical  analysis,  the  validity  of  recent  claims  purporting  the 
practical  feasibility  of  so-called  *  non-diffracting '  beams,  at 
essentially  any  frequency  across  the  electromagnetic  spectrum, 
including  microwaves,  millimeter  waves,  infrared  and  visible  light 
[Ref.  1-4]. 

Our  objective  is  to  determine  whether  any  physically 
realizable,  finite-size  planar-aperture  distribution  can  be  defined 
that  can  be  proved  to  even  only  approximate,  within  some  acceptable 
tolerance,  the  radiation  characteristics  of  a  non-diffracting  beam. 

Our  approach  has  been  to  synthesize  such  a  planar  aperture 
distribution  in  terms  of  a  vectorial  expansion  in  cylindrical 
modes,  while  Imposing  the  constraint  of  zero  average  radial  energy 
flow  everywhere  in  the  half  space  facing  the  aperture.  We  showed 
in  a  previous  paper  [Ref.  5]  that  this  condition  can  be  met  by 
properly  choosing  the  coefficients  of  the  TE  and  TM  components  of 
the  cylindrical  wave  spectrum  with  any  given  common  azimuthal  index 
le,  and  that  for  every  such  set  of  cylindrical  modes  optimum  values 
of  the  radial  and  axial  wave  numbers  k,  and  exist,  that  maximize 
the  average  axial  energy  flow  within  any  given  radius  from  the 
center  of  the  circular  aperture.  The  planar  aperture  distribution 
so  synthesized  is  very  much  different  from  the  simple  plane-wave, 
flat-phase  distribution  that  would  be  suggested  by  the  conventional 
wisdom.  It  is  characterized  by  radial  phase  alternations, 
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superimposed  upon  a  linear  azimuthal  phase  evolution,  and  by  a 
position-dependent  axial  ratio  and  ellipticity  across  the  aperture. 

So  far,  however,  our  analysis  has  assumed  an  essentially 
infinite  planar  aperture,  and  the  feasibility  of  generating  any 
reasonable  approximation  to  a  non-diffracting  beam  has  been 
strictly  a  matter  of  conjecture,  based  on  the  computed  high 
concentration  of  radiated  axial  energy  flow  within  relatively  small 
radii  from  the  aperture  center,  especially  for  cylindrical  modes 
with  low  azimuthal  index  a  . 

We  are  now  attempting  to  determine  the  effects  on  the  far- 
field  pattern  of  truncating  the  circular  aperture  to  some  optimum 
finite  radius.  Our  objective  is  to  determine  whether  an  optimum 
radius  exists,  and  whether  some  edge-field  taper  can  be  defined 
that  minimize  the  effects  of  the  truncation  of  the  circular 
aperture  to  a  finite  radius. 

The  approach  followed  in  this  attempt  is  to  compute,  both 
formally  and  numerically,  an  equivalent  plane-wave  expansion 
representing  the  radiated  field  in  the  half  space  facing  the 
truncated  aperture.  The  main  problem  to  bo  solved  is  the 
determination  of  the  radiated  field  on  the  plane  of  the  aperture, 
at  larger  radii  than  its  physical  outer  radius.  This  fringing 
field  is  obviously  non-zero,  and  may  depend  on  the  particular  shape 
of  the  edge,  as  well  as  on  the  assumed  edge-field  taper.  Planar 
wave  spectra  are  computed  numerically  through  a  ZD-tJ'T,  as  in 
planar  near-field  scanning,  without  probe  pattern  correction. 
Planar  wave  spectra  can  also  be  computed  analytically,  by  using 
Soiumerfold's  integral  representation  of  Bessel  functions  [Ref.  6]. 

The  obtained  far-field  patterns  are  being  evaluated  against 
comparable  Hansen's  'one  parameter'  circular  aperture  distributions 
[Ref.  7],  that  have  been  proposed  as  the  best  compromise  between 
directivity  and  sidelobe  level. 
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Abstract 

In  the  frequency  range  for  which  US  Navy  shipboard  fan  antennas  arc  designed,  2-6 
MHz,  tlie  whole  ship  is  in  fact  the  antenna.  This  makes  for  a  very  large  and  complex  numerical 
modeling  problem.  This  paper  describes  an  effort  concentrated  on  a  destroyer,  the  Spruance 
G5D-963),  for  which  NOSC  has  a  1/48  scale  brass  model  to  make  measurements  on  for 
comparison  with  the  etlculadons.  The  antenna  chaiacicnstics  used  for  judging  the  accuracy  of 
the  numerical  model  with  regards  to  measured  data  were  the  feedpoint  impedance  and  the 
voltage  across  tlie  insulator  at  the  apex  of  the  fan. 

NHC-3-VLF  was  used  on  a  719  segment  model.  To  make  a  good  comparison  between 
measured  and  calculated  data,  the  code  was  run  for  51  frequencies  between  1.5  and  6.5  MHz. 
Ihe  computer  used  was  a  Convex  C210  which  has  close  to  the  performance  of  a  single  processor 
on  the  Cray  X/MP-48.  llte  code  was  compiled  to  take  advantage  of  the  vector  architecture  of 
the  Convex  and  its  64  bit  word  size. 

There  was  a  very  good  match  between  the  antenna  characteristics  of  tlie  numerical  modv. 
and  the  measurements  from  the  brass  model,  showing  NEC  to  be  a  viable  tool  foi  modeling  a 
complex  structure  with  reasonable  engineering  effort  and  use  of  computer  resources. 


liitroducliou 

At  the  NOSC  Model  Range,  the  capability  exists  to  build  computer  and  physical 
models  to  duplicate  the  clcctromagnc'ic  bctiavior  of  full  scale  ships.  ITic  models  provide  a 
relatively  convenient,  economical,  and  timely  means  of  evaluating  various  antenna 
configurations.  When  practical,  the  model  data  is  validated  against  measurements  on  board  the 
actual  ship. 

Presently  NEC-3-VLF  is  used  on  the  NOSC  Convex  C210  computer  for  the  numerical 
models.  Tlie  Convex  has  close  to  the  pcrformaiice  of  a  single  processor  on  the  Cray  X/MP-AS. 
The  code  was  compiled  to  take  advanuige  of  the  vector  architecture  of  the  Convex  and  its  64  bit 
word  size. 

The  physical  models  arc  1/48  scale  brass  models.  NOSC  has  a  model  for  every  ship 
class  in  tlie  US  Navy.  Measurements  were  utken  two  different  ways  for  the  purposes  of  this 
study;  (1)  in  tlie  frequency  domain,  using  a  network  analyzer  and  (2)  in  the  time  domain,  using 
a  pulser  to  get  the  impulse  response  which  is  subsequently  converted  to  tlie  frequency  domain, 
llie  signal  above  noise  ratio  is  about  tlie  same  for  tlie  two  methods,  llic  frequency  domain 
measurements  have  superior  frequency  resolution  in  the  present  NOSC  equipment.  Tlie  time 
do'nain  measurements  am  inherently  more  immune  to  background  transients  but  these  arc  usually 
readily'  recognizable  in  ihe  frequency  domain  measurements  so  that  data  can  be  retaken  if 
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necessary. 

The  object  of  this  modeling  study  was  the  fan  antenna  on  the  destroyer,  USS  Spruance 
(DD-963),  pictured  in  figure  1  below. 


As  seen  in  the  figure,  the  fiin  extends  from  the  forward  mast  aftward.  A  typical  configuration 
of  a  fan  antenna  is  shown  in  figure  2.  The  fan  as  used  on  the  DD-ddS  is  idiown  in  figure  3. 
This  configuration  is  called  a  twin  fan.  There  is  a  single  feed  at  the  top  feeding  two  fans  that 
terminate  down  into  the  two  apex  insulators.  Because  of  the  fiequcncy  range  for  which  tins 
antenna  is  used,  2-6  MHz,  essentially  the  whole  ship  becomes  the  radiator;  making  the  modeling 
task  very  large  and  complex. 

The  anteoiu  characteristics  used  for  judging  the  accuracy  of  tlie  numerical  model  with 
regards  to  the  physical  model  were  the  feedpoint  impedance  and  the  voltage  across  the  insulator 
at  the  apex  of  the  fan.  Plans  arc  under  way  to  also  conduct  these  measurements  on  board  the 
actual  ^p. 


NEC  Model 

As  a  matter  of  course,  the  brass  models  arc  constructed  to  very  fine  detail.  Because  of 
tlic  complexity  of  a  ship  and  computer  run  time  and  cost  constraints,  a  numerical  model  cannot 
hope  to  achieve  the  same  detail.  Keeping  in  mind  the  areas  of  the  ship  that  would  make  the 
most  electrical  difference  and  the  clcctiical  length  of  all  objects,  an  optimized  model  can  be 
constructed  that  would  not  severely  tax  computer  time  and  costs. 

A  long  term  goal  of  this  project  was  to  hone  the  skills  needed  to  create  an  optimized 
model  of  a  complex  ship  so  that  in  the  future,  should  measuiemeiit  data  not  be  so  easily 
available,  the  numerical  modeling  effort  can  be  done  with  more  confidence.  For  tliis  project, 
reliable  impedance  data  was  obtained  from  the  brass  model  so  the  object  of  the  NF.C  model 
construction  was  to  match  this  data. 

Although  the  superstructure  of  the  sliip  modeled  contains  large  amounts  of  plate  steel 
conducive  to  modeling  with  patches,  the  topside  of  the  ship  is  full  of  poles  and  wires  conducive 
to  modeling  with  wires.  An  all-wire  model  approach  was  chosen  for  thi*  better  accuracy  and 
ease  of  modeling. 

Because  of  the  complex  topside,  creating  a  regular  grid  to  rq;>rescnt  surfaces  would  lead 
to  using  more  wires  than  necessary.  It  is  more  efficient  to  use  the  junctions  of  'wire"  type 
structures  tu  surfaces  as  the  intersection  points  of  a  grid.  Additional  intersecUon  points  within 
the  surface  can  be  added  to  make  the  cell  sizes  as  desired.  A  disadvantage  of  the  irregular 
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gridding  is  the  difificulty  in  complying  with  the  ‘diuneter  of  wire  equal  to  separation  of  wires' 
role  for  r^resendng  surftces  with  wires. 

38  versions  of  the  model  were  nm  in  seeking  to  optimize  the  model,  the  later  versions 
run  at  Si  different  firequendes  between  1.5  and  6.5  MHz.  Ihe  final  model  contains  719 
segments  and  took  143  minutes  of  CPU  time  to  run  the  SI  frequencies.  Figure  4  shows  the 
model  arid  figure  S  shows  two  views  of  the  fan  antenna  widi  parts  of  the  supporting  mast 
structure. 

Some  of  the  lessons  learned  in  the  optimization  process  are  as  follows: 

•  For  the  fixquency  range  of  interest,  1.5-6  MHz,  0.1  meter  accuracy  in 
specifying  wire  iengtli  was  sufficient. 

•  The  distance  between  the  top  part  of  the  fan  (where  it  is  fed)  and  tlie  yardarm 
from  which  it  is  hung  did  not  make  much  of  a  difference. 

•  Hie  exdlation  segment  joiiu  the  top  part  of  the  mast  structure  to  the  four  feed 
wires  of  the  fan.  Its  length  is  critical.  Making  it  shorter  made  the  antenna 
impedance  more  capaddve. 

■  Slight  changes  in  die  length  of  the  apex  insulators  did  not  result  in  significant 
changes  in  the  feedpoint  impedance  although  the  voltage  across  the  insulators  did 
cliange  noticeably. 

•  With  the  vertical  and  horizontal  members  of  the  mast  slrocture  defined,  adding 
cross  members  made  little  difference. 

•  To  fmd  out  what  parts  of  the  ship  were  most  important  in  attaining  a  correct 
impedance  for  the  fan  anbmna,  a  test  was  run.  The  wire  radii  of  the  model  was 
reduced  to  about  i/.50  of  the  actual  value  for  each  part  of  the  ship.  Then  singly 
and  in  combinations,  the  wire  radius  of  various  parts  of  the  ship  were  increased 
up  to  the  actual  value.  Although  the  impedance  of  the  reduced  radii  model  was 
way  off  the  correct  impedance,  no  single  par*  of  the  ship  proved  to  be  the  major 
contributor  to  attaining  the  correct  impodiuice.  Listed  lielow  is  the  approximate 
decreasing  older  of  importance  of  various  parts  of  the  ship  to  the  fan  antenna 
impedance. 


Part  of  Ship 

Area  of  Smith  Chart  Impedance 
Improved  by  Correcting  Wire  Radius 

Fan  feed 

Forward  mast 

Superstructure  and  deckhouses 
Fan  wires 

Aft  mast 

All  whips 

Highest  frequencies 

Lower  frequencies 

Lower  frequencies 

Higher  frequencies 

Little  difference 

Little  difference 
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Results 


1.  Impedance 

The  Smith  chart  comparison  of  the  frequency  domain  measurement  data  and  the  NEC 
data  are  shown  in  figure  6.  The  resistances  and  reactances  for  these  two  data  sources  plus  the 
time  domain  measurement  data  are  shown  in  figure  7.  There  is  good  agreement  except  at 
approximately  3.2  and  3.6  MHz  where  the  peals  are  of  different  magnitude.  This  is  the  area 
of  first  anti-resonance. 

2.  Apex  insulator  voltage 

Since  NEC  does  not  give  voltage  information  excqit  for  the  voltage  across  a  source,  tiic 
voltage  across  an  insulator  is  obtained  by  substituting  a  very  high  resistance  for  the  insulator  and 
measuring  the  current  through  it,  then  applying  Ohm’s  law.  Prom  brass  model  measurements, 
the  maximum  magnitude  of  the  impedance  measured  at  the  apex  insulators  is  approximately 
4,000  ohms,  so  a  resistance  of  1  Gigohm  was  used  for  the  insulator.  This  was  judged  high 
enough  so  as  not  to  disturb  any  other  electrical  parameter. 

The  NEC  calculated  voltage  across  the  insulators  was  highly  sensitive  to  the  length  used 
for  the  insulators  even  though  the  feedpoint  impedance  showed  Uttle  change.  The  length  used 
on  the  brass  model  was  the  equivalent  of  about  1  m.  Three  lengths  were  tried  with  NEC;  1.0 
m,  I.S  m,  and  an  insulator  length  of  O.IS  m  attached  to  a  conductive  length  of  0.8S  m.  The 
NTC  voltages  of  aU  three  lengtlis  are  shown  in  figures  8  (port  apex)  and  9  (starboard  apex). 
As  can  be  seen,  the  voltage  for  an  insulator  length  of  I.S  meters  falls  between  that  for  insulator 
lengths  of  1  meter  and  0.15  meters  on  the  port  side  but  the  I.S  meter  data  is  close  to  the  0. 15 
meter  data  for  the  starboard  insulator. 

To  try  to  get  a  better  feci  of  the  effect 
of  the  insulator  length  on  the  fan  antenna,  a 
test  fan  was  constructed,  pictured  in  figure 
10  to  the  right.  It  is  just  a  simple  .structure 
to  simulate  a  mast  (segments  1-10),  a 
feedpoint  (segment  11),  a  single  wire  "fan* 

(segments  12-20),  and  an  insulator  (segments 
21,  22).  The  dimensions  approximate  the  fan 
under  study.  The  following  insulator  lengths 
were  tried: 

1.  2  m  insulator  to  ground 

2.  I.S  m  insulator  to  ground 

3.  1  m  insulator  to  ground 

4.  O.S  m  insulator  to  ground 

5.  O.S  m  insulator  to  a  O.S  m  post  to 

ground 

6.  0.15  m  insulator  to  a  .83  m  post 

to  ground 
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The  feedpoint  resistances  and  reactances,  and  the  insulator  voltages  are  shown  in  figure  11. 
The  currents  for  the  various  segments  for  v-irious  frequencies  are  shown  in  figure  12.  As  can 
be  seen,  the  feedpoint  impedance  is  rather  insensitive  to  the  insulator  lengths.  The  voltage 
across  the  insulator  is  very  dqiendent  on  the  length  but  not  in  a  very  predictable  way. 

The  determination  of  the  effective  length  of  an  insulator  on  a  scale  model  is  difficult  due 
to  the  relative  size  of  the  test  leads  involved  in  making  a  voltage  measurement.  Thus,  an 
arbitrary  length  was  chosen  for  the  NEC  model  and  just  the  shapes  of  the  frequency  responses 
were  compared  between  the  NBC  model  and  the  brass  model.  This  is  a  reasonable  method  of 
comparison  since  in  the  NEC  calculations  for  both  the  DD-963  model  and  the  test  model,  the 
shape  of  the  frequency  response  did  not  ciiange  with  insulator  length. 

The  voltages  fiom  the  brass  model  time  domain  and  frequency  domain  data,  and  the  NEC 
model  data  are  shown  in  rigures  13  (port  apex)  and  14  (starboard  apex).  Hie  time  domain 
data,  due  to  equipment  limitations,  has  coarser  frequency  increments  than  the  other  two,  and 
because  of  the  greater  amount  of  processing  involved  to  present  data  in  the  frequency  doniain, 
is  more  uneven.  The  frequency  domain  data  though,  matches  quite  nicely  with  the  NEC 
prediction  exc^t  for  some  constant  factor  which  could  probably  be  attributed  to  differences  in 
the  length  of  the  insulator.  What  was  especially  gratifying  though,  was  the  similarity  in  shapes 
even  in  the  3.2  to  3.6  MHz  region  (the  anti-resonance  region)  where  the  impedance  data  differed 
greatly  between  NEC  and  the  frequency  domain  measurements.  Apparently  the  voltage  at  the 
apex  insulator  is  insensitive  to  the  feedpoint  impedance,  at  least  in  the  anti-resonance  region. 


Coaelusioas 

•  The  very  complex  geometry  of  a  fan  antenna  on  board  a  destroyer  type  .ship  can  be  accurately 
represented  by  a  numerical  model  with  a  reasonable  use  of  computer  resources. 

•  Comparing  data  with  a  very  accurate  1/48  scale  brass  model,  the  NEC  model  showed  a  very 
close  match  in  feedpoint  impedance  except  for  first  anti-resonance. 

•  Although  the  magnitude  of  the  voltage  across  tlie  apex  iasulators  differed  between  the  two 
models,  the  shape  of  tlie  frequency  response  was  close. 
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elided  Reaclonce  (Ohms) 


Figure  12.  Test  Model:  Segment  Cunents 
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Alwlract. 

Thia  paper  describes  how  to  uae  (Nuinorical  Klcctroinagueticji  Code)  to  upliiiiiue  f.l>e 

sidcloLtc  Ic'VcIb  of  an  array  with  uinforiuly  uimcod  cenlrr  elcincnU  and  nonuniforiidy  (i])aced  edge 
eleniciiU. 

luUoductioa. 

Low  aidolobe  array  aynllicMiH  geiifralca  a  current  (ai>cr  through  analytical  or  numerical 
optimisation  of  llie  array  factor.  Applying  the  oyiilhcaized  taper  (c.g.  ChcbycheVt  binomial,  etc.)  to  an 
antenna  array  duea  not  pro<hice  tlic  <lc8ired  result,  hecauae  mutual  coupling  in  not  iiccounted  for  In  the 
theory.  It  is  i>ofi6ible  f.o  optimize  tlic  array  puttern  by  iiichiding  iiiutual  coupling  at  the  cxihuikc  of 
dramatically  increasing  the  compntaCiuii  time  needed  in  the  synthesis  process. 

We  set  out  to  investigate  tlie  pussibiUly  of  optimizing  the  sldelobe  levels  of  small  arrays  of 
dipoles  using  NKC  (Numerical  Llectrumagneiics  t'kkle)  [1].  Our  primary  interest  is  in  {lartlal 
uiuplltucie  tujM^riug  and  partial  iionutiirorm  sparing  of  ilie  array  elements.  TIiIh  paper  describes  liow  we 
use  NLC  In  conjunction  with  an  optimlziiCion  method  to  oplimue  the  spacing  of  the  edge,  elements  of 
small  arrays  of  colinear  dipoles  to  obtain  the  lowest  (»ossible  sidelube  levels. 

0])tLmuuiiiuu  Using  NKC  oo  «  VAX  Computer. 

Our  plan  of  attack  for  synliiesizlng  a  low  sideloba  array  is  to  Ixtgin  with  an  array  of  equally 
sp4o:(Hl  colliicar  dipuUs,  then  iionuiiiformly  siiace  the  outer  elements,  while  keeping  the  inner  elements 
uniformly  sjtaced  (l''i<(urc  1).  "I'tie  array  lies  along  the  x^axIs  and  is  symmetric  about  its  physical 
center,  There  are  2i'  uniformly  spaced  elemeiiis  in  the  center  ant  M  elements  on  citticr  edge  of  the 
array.  The  goal  of  the  optimization  process  Is  to  adjust  the  s}>aeing  of  the  outer  2M  elcmunU  to 
produce  the  lowest  {MNwiblc  sidelobe  level. 

The  first  step  in  the  problem  is  to  change  the  coiislraiued  opUmizAlion  problem  into  an 
uncoiistruincd  pioblem.  ICuUiei  than  optliuizing  on  the  element  spacing  with  runsUaints  (such  as 
x(i+l)>x(i),  an  outer  eleiiiofit  is  farther  from  the  center  array  Utmi  an  Inner  element),  the  program 
optimizes  on  an  unconstrained  parameter,  7,  where 


7  = 


j2(x(i)^d) 


where 

x(i),  x(i’{  1)  =  distance  of  elements  i  and  >41  from  the  coiilor  of  the  array 
d  ■=:  distance  between  uniformly  spaced  elements 


The  next  step  is  to  choose  an  optiniizaliou  subroutine.  Wc  used  tliu  downhill  simplex  and 
Fowells  iuetliod  from  Numerical  Kod|»us  [2J.  Hoth  routines  produced  satUfac.tory  results. 
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Finally,  a  cost  function  ik  nceUcd.  The  cost  function  used  for  tlie  reaults  in  this  pai>ct  is  the 
tniiiijuuni  relative  sidelobc  level  of  the  array.  NEC  calculates  the  relative  far  field  pattern  of  the  array 
of  dipoles,  then  a  search  routine  finds  the  maximum  sidclobe  level  from  the  output  generated  by  NEC. 

A  block  diagram  of  the  program  appears  in  Figure  2.  The  main  prt>gran)  prompts  the  ubci  for 
tise  nuinbcr  of  elements  in  the  array,  the  number  of  elements  that  aic  nonuiiirormly  spared,  the  length 
of  the  dipole,  the  initial  element  spacing,  and  the  number  of  segmeiiU  per  wire  length.  R  also  changes 
the  constrained  Mpacing  problem  into  an  unconstrained  angle  problem  before  calling  the  optimization 
subroutine.  The  optimization  subroutine  calls  the  function  MAXSLL  which  rcturnu  the  maximum 
sidelobe  level  of  the  array  as  calculated  by  NEC.  The  optiinlxaiion  routine  continues  until  a  specified 
tolerance  Is  met  or  the  inaxiinuin  numl>cr  uf  iterations  is  exceeded.  All  the  output  data  from  NEC 
rrsides  in  a  file  called  FlEl^D.OUT  and  the  relative  far  field  pattern,  the  array  sparing,  and  value  of 
the  luaximum  uidelobc  level  resides  in  unulher  file  called  FLD.TUb. 

The  three  problems  we  had  to  ovorrome  were  running  NEC  from  within  the  optimization 
routine,  passing  input  data  to  NEC,  and  dealing  with  all  the  output  data  nies  NEC  creates.  The  first 
pruhiciii  is  rcKuived  by  creating  an  auxiliary  file  to  control  NEC  when  the  process  is  spawned.  This  file 
(calleu  AUC.XV/)  coiilains  the  input  and  output  file  aaiiies  to  be  used  by  NEC  and  is  created  with  the 
following  FOIITUAN  Htatoiuents: 

o|>en  (unil=l, Tiles' A  UC.XYZ'.r.statUHVnew’) 
wriLc(l,*)  'FIFXlUNN-.r 
wriU'(l,*)  ’FIELU.OUT;!* 
cluse(unit=l) 

After  creating  tin  cynLrol  file  (AUC.XYZ)  and  the  input  file  (FIELD. INN),  the  progrniii  callK  NEC  iw  a 
sub-proc'es.s  with  the  following  lineH  of  rwlc: 

fnaiii  s  'iice2s' 
tiitiiii  =  ’AUC.XYZ;!’ 
oiiam  —  'll!:’ 

islat  :=  lib$spawii(%descr(fimm),%descr(iiiain),%des<'r(oimni)) 

The  second  problem  of  passiiig  input  data  (o  NEC  U  solved  by  opening  a  new  input  file  ouch  time  th> 
olciiicnt  spiM'tng  changes  and  writing  the  new  Npiuing  to  the  file  The  following  statements  dccumplish 
liiis  task; 


o|MMi  (uiilt:=<i,nic~'F)ELU.INNil',slHtuss'iiew'] 
write  (‘.i,30)  <ctc> 
funiiat  <etc> 
close(d) 

Finally,  (o  avoid  disk  (piola  problems,  the  old  Tiles  are  dideled  iK’forc  crentiiig  tin*  new  fileK  using  (In* 
coiiiiiiuiuls: 


fnani  -  'FlELIJ.OUT;l’ 

rsLat  "  liljffid<'K’te,_niL'(%di*iK.r(fnuii»)) 

fimrii  --  ’FIELU.INN;!’ 

rsLut  •  lib$dcU'U*_(iIe(%descr(ruaiii)) 

In  Older  to  use  the  above  euiimiundb,  place  tlir  iollowiiig  vnrialde  derniilhuiK  r.t  the  iH*giiiiiing  of  the 
prugraiii: 


integer  rstul 

elnrracter#  12  fnani,  inani,  oiuini 
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KenilU. 


Wfi  fiKt  iuve«ligat«d  optiniiitng  an  array  factor  of  6  iaotropic  elernenU  witli  N=2  and  M=2  (4 
uniformly  spaced  elements  in  the  center  and  2  nonuniformty  spaced  on  each  end  of  the  array),  This 
model  dots  not  include  mutual  coupling  and  results  in  a  -5.37  dB  decrease  in  the  maximum  sldelobc 
level  with  center  clcmoiiU  spaced  .5A  apart  while  the  two  edge  elementa  are  spaced  .09A  and  .72A  apart. 
Optimising  a  NEC  A/4  colinear  dipole  array  model  that  does  include  mutual  coupling  results  in  a  -3.9 
dB  decrease  in  the  maximum  sidelobe  level  with  center  elements  spaced  .5A  apart  while  the  two  edge 
clemeuts  arc  spaced  .64A  and  .57A  apart.  Thus,  a  small  perturbat'*-'  to  two  edge  elements  on  each  end 
of  the  array  results  in  an  almost  4  dll  decrease  In  the  eldelobe  lev  <.  The  NEC  reeults  are  conaiderably 
different  from  the  army  factor  resulte.  Figure  3  shows  the  resulting  fat  field  pattern  calculated  hy  NEC 
for  the  Donuniformly  spaced  array. 

The  next  examples  are  for  12  element  arrays  of  .474A  colinear  dipoles.  Figure  4  is  the  far  field 
pattcMi  resulting  from  an  array  with  the  center  10  elementa  apaced  .6A  apart  and  the  edge  element 
separated  from  the  next  element  hy  l.llA.  The  maximum  relative  sidslobs  level  is  -15.42,  which  is 
2.32  dB  less  than  the  maximum  sideloue  level  of  a  12  element  array  with  a  spacing  between  elements  of 
.6A.  Figure  S  is  the  far  field  pattern  resulting  from  an  array  with  the  center  10  elements  spaend  .7A 
apart  and  the  edge  element  separated  from  the  next  element  by  1.21A.  The  maximum  relative  sidelobe 
level  is  -15.42,  which  is  2  06  dO  leas  than  the  maximum  sidelobe  level  of  a  12  element  array  with  a 
spacing  between  elementa  of  .TA.  Increasing  the  uinfotm  spacing  from  ,6A  to  .7A  decreaset  the  relative 
sidelobe  level  a  amall  amount. 

Figure  0  shows  the  optimised  far  field  pattern  for  a  12  element  array  of  colinear  .474A  dlpolce 
with  a  uniform  spacing  of  .7A.  In  this  cose,  Nes3  and  Mi=3.  Inere-vsing  the  number  of  nuiiunifornily 
spaced  elciiieiitB  docs  not  necessarily  help  reduce  the  maximum  sidelobe  level  of  the  array. 

ConcluaioiuL 

NEC  piovides  a  useful  tool  fur  the  Investigation  of  array  optimisation.  We  have  shown  that 
the  sldelobee  of  small  arrays  of  colinear  dl|>oles  may  be  lowered  by  iionuiiiformly  spacing  the  edge 
elements.  Mutual  coupling  plays  an  iiiiportaiit  role  in  determining  the  spacing  of  the  elementa  and  tlie 
lowest  possible  sidelobe  level. 
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Figure  1.  A  linear  array  having  the  center  2N  elenienU  uniformly  Bpa€e<l  and  the  outer  M  elements  on 
eillicr  end  of  tlie  array  nununifuriuly  spaced. 
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CREATES 

EIELD.DUT 


Figure  2.  Flow  chart  of  the  cuinpulur  program  that  uses  NFC  and  an  optiiuixation  routine  to  find  the 
lowest  iHxuhbk'  sidclobc  level  hoiu  nuiiunifot  inly  Kpneing  the  edge  elements. 
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Figure  Relative  far  ficlcl  i>altorii  of  an  array  of  8  A/4  coUiicar  uipolcs.  The  center  4  cleinenU  are 
equally  6pacc<J  (.5A)  and  the  twu  edge  olciiieiiU  on  each  end  are  iioiiuniforinly  npuced. 


Figure  6.  Rci&tive  far  field  pattern  of  an  array  uf  12,  .474A  colioear  dipoles.  The  center  10  elements 
arc  equally  spaced  (.7A)  and  the  edge  elements  are  nonunifotraly  spaced. 

lolid  nonuniferm 


Figure  6.  Relative  far  field  pattern  of  an  anay  of  12,  .474A  colinear  dipoice.  The  center  6  elements  arc 
equally  spaced  (.7A)  and  the  edge  elements  are  iioaunifacinly  spaced. 
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aasTRftCT 


This  paper  presents  the  results  of  calculations  using  the 
Numerical  Electromagnetics  Codes  (NEC)  for  problems 
involving  horizontal  dipoles  near  the  interface  between 
two  semi-infinite  half  spaces.  The  examples  chosen 
demonstrate  difficulties  which  may  occur  in  the 
calculation  of  magnetic  fields  in  the  near  field  region. 
The  reasons  for  these  difficulties  are  discussed  and 
m  thods  for  correcting  them  are  suggested. 
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1. 


INTRODUCTION 


In  a  previous  paper,  [1],  problems  in  calculating  the  near 
magnetic  fields  of  a  horisontal  dipole  above  a  lossy 
ground  and  in  free  space,  were  investigated.  Three 
distinct  types  of  errors  were  discovered  by  comparing 
numerical  results  obtained  using  NEC-2  and  NEC-3  with 
experimental  results  for  the  centre-fed  dipole  shown  in 
Figure  1,  operating  at  frequencies  of  1.2,  10  and  20  MHz. 
These  frequencies  were  chosen  to  demonstrate  affects 
ranging  from  near  resonance  to  electrically  small. 

The  errors  found  for  this  problem  were, 

(1)  At  all  frequencies  NEC-3  over  estimated  the  K- 
fields  very  close  to  the  interface  by  a  very  large 
factor,  while  NEC-2  gave  more  reasonable  results; 

(2)  Both  NEC-2  and  NEC-3  gave  erroneous  results  at 
1.2  MHz  over  the  entire  range  of  heights  above 
ground  examined  in  that  the  measured  results 
varied  almost  linearly  with  height  while  the 
computed  results  resembled  an  S-bend,  Figure  2; 

(3)  NEC-3,  and  upon  closer  axeunination  NEC-2  also, 
gave  a  'saw-tooth'  type  ripple  at  certain  discrete 
heights;  this  effect  was  greatest  at  10  MHz,  while 
the  results  also  indicated  at  least  one  single 
saw-tooth  at  1.2  MHz.  (see  Figures  2  and  3). 

The  reason  for  the  erroneous  results  close  to  the 
interface  when  using  NEC-3  is  explained  in  [2].  When  the 
Sonunerfeld  integral  option  is  used,  NEC  calculates  the 
near-magnetic  field  by  numerically  evaluating  the  curl  of 
the  electric  field  by  a  siX'point  central  difference 
formula.  The  increment  size  used  in  the  finite  difference 
evaluation  is  10'’|1±|  to  each  side  of  the  specified  point 
for  evaluation  of  the  field  in  the  upper  (+)  or  lower  (-) 
medium.  Hence  the  magnetic  field  will  generally  be 
Inaccurate  within  this  distance  from  the  interface  since 
the  vertical  component  of  the  electric  field  is 
discontinuous  across  the  interface.  The  same  method  is 
used  in  MEC-2 ,  however  it  has  been  found  that  the 
calculated  vertical  component  of  the  electric  field  is 
continuous  across  the  interface  and  the  resulting  magnetic 
field  near  the  Interface  is  approximately  correct.  It 
should  be  noted  that  NEC-2  does  not  calculate  the  correct 
electric  fields  below  the  air-ground  interface.  A 
modified  finite  difference  scheme  which  corrects  the 
problem  when  using  NEC-3  will  be  presented  elsewhere. 

Accounting  for  error  types  ( 2 )  and  ( 3 )  requires 
examination  of  both  the  truncation  errors  associated  with 
the  6-point  finite  difference  (FO)  scheme  employed  in 
subroutine  NHFLD,  and  the  errors,  includind  round-off,  in 
both  the  overall  moment  method  calculation  of  the  E-fields 
and  the  differencing  of  these  E-fieids  to  form  the  curl 
from  which  the  Il-£ields  are  then  derived. 
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In  principle  it  should  be  possible  to  reduce  the  errors  of 
type  (2]  by  using  a  smaller  increment  size  A,  for  the  FD 
calculations  as  outlined  in  (1)^  The  success  of  this 
approach  will  depend  on  the  accuracy  of  the  calculated  F- 
fields  and  round-off  errorrs  in  computing  the  FD 
components .  An  example  where  this  approach  has  been  used 
successfully  is  the  horizontal  dipole  problem  in  Figure  1, 
where  an  increment  size  of  10'*1  was  required  to  obtain 
accurate  results  at  a  frequency  of  1.2  MHz.  In  other  more 
recent  problems  It  has  been  found  that  even  smaller 
increments  of  the  order  of  10  *1  must  be  used  to  obtain 
accurate  results .  This  was  the  case  for  a  horizontal 
dipole  in  a  meditua  such  as  sea  water  at  very  low 
frequencies  where  it  is  found  that  the  near  fields  decay 
rapidly  with  height,  above  the  interface. 

Father  than  simply  reducing  A  to  minimize  the  type  (2) 
errors,  higher  order  FD  schemes  that  have  smaller 
truncation  errors  may  also  be  used.  Perhaps  an  even  better 
solution  would  be  an  adaptive  algorithm  which 
automatically  selects  the  appropriate  increment  size  for 
any  given  problem  by  examining  the  convergence  of  the  H- 
field  solution  as  A  and  the  order  of  the  FD  scheme  are 
changed. 

Trying  to  understand  the  reasons  for  the  saw-tooth  (type 
(3))  errors,  and  additionally  ways  to  overcome  them  was  a 
difficult  task  which  involved  a  detailed  examination  of 
the  sources  of  errors  in  numerically  computing  H-fields  by 
FD  approximations  to  the  curl  of  the  K-£ield,  and 
alternative  methods  of  formulating  the  li-field  solution. 

It  will  be  shown  in  the  following  that  for  the  horizontal 
dipole  problem  of  Figure  1,  errors  due  to  the  FD  curl 
approximation  used  in  NEC  are  primarily  due  to  the 
components  of  the  E-fields  which  mathematically  should 
have  a  zero  curl  component,  while  the  numerical 
approximation  is  non-zero. 

2.  CAIiCUUVTION  OF  NEAR-MAGNETIC  FIELDS  BY  FINITE- 

DIFFERENCE  APPROXIMATION 

It  is  well  known  that  in  a  uniform  homogeneous  medium  the 
magnetic  field  is  related  to  the  electric  field  by  the 
following, 

(1) 

r.Yii  '  ' 


For  problems  involving  wire  antennas  in  the  presence  of  an 
imperfect  ground,  NEC  calculates  the  Electric  fields  by 
numerically  salving  the  Souunerfeld  integrals.  However,  as 
discussed  above,  the  near  magnetic  fields  are  obtained  by 
using  a  finite-difference  approximation  of  the  curl  of  the 
electric  field.  Hence  the  accuracy  of  the  magnetic  fields 
calculated  by  this  method  will  generally  be  one  order  of 
magnitude  worse  than  the  electric  field  since  the  former 
requires  differences  of  onnntities  which  themselves  are 
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not  exact. 


under  certain  conditlono  it  has  been  found  that  the 
calculation  of  the  magnetic  fields  by  this  method  can  be 
an  Ill-conditioned  problem.  This  is  illustrated  by  the 
case  of  a  horizontal  dipole  shown  in  Figure  1.  It  was 
found  that  h'£C-2  and  NEC-3  gave  similar,  but  not  identical 
results.  The  main  differences  are  that  NEC-3  predicts  a 
magnetic  field  which  oscillates  in  magnitude  as  a  function 
of  height  up  to  about  6.0  a,  whereas  NEC-2  produced  a 
smooth  cuxrve.  This  is  particlarly  evident  in  Figures  3 
which  is  for  a  frequency  of  lOHHz,  although  it  is  also 
present  in  Figure  2,  but  not  as  pronounced. 

Nhen  [1]  was  prepared,  the  reasons  for  this  behaviour  were 
not  understood,  however,  subsequent  investigations  by  the 
present  authors  have  revealed  the  nature  of  the  problem. 
Nhlle  NEC- 2  and  NEC -3  do  not  use  identical  methods  for 
numerical  evaluating  the  electric  fields  via  the 
Sonunerfaid  integrals,  [3],  [4J,  comparison  of  the 
calculated  E-  fields  over  the  range  of  heights  shown  in 
Figures  2  and  3  show  that  the  two  codes  give  values  which 
generally  agree  to  within  about  3  aignif leant  figures. 
The  differences  between  the  calculated  H-  fields  however 
la  obviously  much  greater.  At  some  points  the  differences 
are  of  the  order  of  several  dQ.  While  in  practical  terms 
errors  of  this  magnitude  may  not  be  aignif  leant,  the 
purist  demands  an  explanation. 

On  closer  examination  of  the  results  in  Figure  2,  it  was 
found  that  if  smaller  increment  sizes  are  used  in  the 
finite-difference  curl  approximation  with  NEC-3,  that  the 
smooth  ripple  at  a  height  of  approximately  2.3  m  changes 
to  a  sudden  step  over  a  distance  comparable  to  the 
increment  size.  This  effect  was  not  noticeable  using  NEC- 
2,  although  for  smaller  increment  sizes  the  results  become 
inaccurate  as  demonstrated  by  random  variations  in  the 
computed  H-fields.  (Note  that  both  NEC-2  and  NEC-3  used 
here  use  double  precision  as  single  precision  was  found  to 
be  inadequate  for  these  problems). 

Closer  exomlnstion  of  the  finite-difference  components  of 
the  K-£ield  in  the  region  of  interest  revealed  that  thv.. 
contributions  due  to  the  E,  and  E,  fields  were  similar  in 
magnitude,  but  the  phase  difference  was  very  close  to 
180°.  Hence  in  this  region,  even  though  the  E-fields  from 
NEC-2  and  NEC-3  are  very  similar  the  differences  in  the 
computed  H-fieids  are  magnified  by  the  near  cancellatioti 
of  the  curl  components  of  E,  and  E,.  (Note  that  for  points 
in  the  vertical  plane  containing  the  dipole,  Is  zero  and 
its  derivative  is  also  zero  as  this  is  a  plane  symmetry 
for  E  ,  and  hence  this  component  of  the  E-fieid  does  not 
contribute  to  the  field) . 

A  further  difficulty  in  the  region  near  x  -  6.0  m  and  z  - 
2.3  ffl  is  that  the  magnitudes  of  both  E.  and  E,  are  near  a 
maximum  and  the  derivatives  in  the  curl  expression  are 
small . 
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In  an  attempt  to  allaviata  the  numerical  problem  of 
cancellation  in  the  curl  approximation,  instead  of  usiny 
finite-differencea  in  the  x  and  z  directions,  differences 
in  plane  rotated  45“  about  the  y-axis  were  tried,  however, 
the  problem  with  HEC-3  is  not  changed  significantly.  An 
analysis  of  the  i.c<aEons  for  the  difficulties  encountered 
for  this  dlpola  problem  follows . 

3.  BRSOR  ANALYSIS  OF  PINITE-DiyYERJtlHCK  APPROXIMATION 

To  understand  the  nature  of  problems  which  may  arise  in 
approximating  the  curl  function  by  finite  differences, 
alternative  formulations  of  the  H-  field  solution  of 
Maxwell's  equation  are  examined.  One  method  commonly  used 
to  obtain  the  electric  and  magnetic  fields  due  to  currents 
and  charges  is  in  terms  of  vector  and  scalar  potential 
line  A  and  0  [5],  The  solutions  are  of  the  form 


1/=  V4>-j(i)A 

(2) 

fi- 

”9  i* 

(3) 

Prom  the  vector  identity  VjfV4i-0,  [4]  it  is  readily  shown 
that  (3)  is  mathematically  Identical  to  (1).  The  succass 
or  otherwise  of  finite  difference  methods  fur  obtaining 
the  H- field  from  the  K-field  via  the  curl  reD.ationship 
will  depend  on  the  relative  magnitudes  of  the  two  terms  on 
the  KHS  of  (2)  and  the  magnitudes  of  the  curl  of  these 
terms.  Por  example,  if  the  magnitude  of  V(S>  is  much  larger 
than  juA  or  the  sum  of  the  terms  is  much  smaller  than 
either  of  tha  two  tarms  we  might  expect  that  finite 
difference  techniques  would  be  inaccurate,  particularly 
when  the  E-fields  are  not  exact  as  in  tha  case  of  NEC 
calculations.  Indeed  the  latter  is  the  situation  in  the 
vicinity  of  the  troubiasoroe  region  referred  to  in  the 
previous  section  I 

While  there  is  no  simple  method  of  separating  the  Vi^  and 
jtitA  in  tha  E-fleld  calculated  by  NEC,  the  previous 
statement  can  be  verified  by  examining  an  alternative 
solution  for  the  fields  of  a  horizontal  dipole  above  a 

conducting  ground.  Bannister,  [6],  has  given  image-theory 
expressions  for  the  quasi-static  fields  of  infinitesimal 
and  finite-length  dipoles  at  or  above  the  earth's  surface. 
This  Image  theory  approximation  is  strictly  valid  for 
field  points  somewhat  greater  than  the  skin  depth  from  the 
ordinary  mirror  image  of  the  source,  although  in  many 

cases  the  approximation  is  valid  throughout  the  quasi- 
static  range,  i.e.  distances  much  less  than  the  wavelength 
In  air.  In  Bannister's  expressions  it  is  also  assumed 
that  displacement  currents  in  the  ground  are  negligible 

compared  with  the  conduction  currents.  i.e.  for  the 

ground! 

For  the  horizontal  dipole  problem  considered  previously, 
with  ar«0.011s/m,  at  1.2  MHz  wo  find  (j.a/w~lG5,  so 
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e^<(io/u 


(4) 


that  (4)  is  reasonably  well  satisfied.  Bannister's 
analytical  solution  for  tho  B-  and  H-  fields  are  given  in 
terms  of  tho  Hertzian  Vector  Potential  ti  ,  as 

t'--YjiJ+V(V.j{)  (b) 


(G) 

Using  (5)  it  is  a  relatively  simple  matter  to  separate  the 
two  terms  on  the  KHS  of  (S).  Note  that  the  second  term  in 
(5)  contributes  nothing  to  /if  in  (G)  since  V.it  is  a 
scalar,  analogous  to  (9  in  (2),  and  as  noted  previously, 
VxV(|>«0 .  Separating  the  two  terms  on  the  KHS  of  (5)  and 
comparing  their  relative  magnitudes  at  a  height  near  2.3  m 
for  the  horizontal  dipole  at  1.2  MHz,  wt  find  that  both 
terms  are  of  comparable  magnitude,  in  the  troublesome 
region,  however  the  sum  of  these  two  terms  is  of  the  order 
of  20  dB  smaller  than  either  term. 

Comparison  of  the  calculated  B-£iulds  using  HBC  and 
Bannister's  image  theory  expressions  sliov/  that  they 
generally  agree  to  within  about  3  dB.  This  difference  is 
most  likely  due  to  Bannister's  formula  being  for  an 
infinitesimal  dipole  whereas  the  dipole  model  used  with 
NKC  is  finite  in  length  and  the  points  at  which  the  fields 
are  evaluated  are  at  a  distance  comparable  to  tho  dipolo 
length.  We  note  that  both  methods  show  a  maximum  in  the 
magnitudes  of  K,  and  li,  respectively  near  z  ■  2.3  lu  and  x  • 
G.O  m  as  shown  in  Figure  4.  As  previously  noted,  in  this 
region  the  derivatives  of  B,  and  B,  in  this  region  are 
similar  in  magnitude  but  are  almost  in  anti-phase  in  the 
curl  expression  fur  the  H-£ield.  We  also  note  that 
Bannister's  expression  for  the  H-field  does  not  show  the 
anomalous  behaviour  predicted  by  NBC-3  near  z  ■  2.3  m 
which  tends  tc  support  the  argument  that  the  latter  is 
Inaccurate. 

Unfortunately,  Bannister's  expressions  cannot  be  applied 
to  the  horizontal  dipole  problem  at  10  MHz  since  the 
inequality  (4]  is  not  satisfied  and  also  because  the 
distances  are  becoming  comparable  with  the  frue-space 
wavelength  and  rliR  quusi-static  assumption  la  invalid.  We 
can  however  make  the  following  observations.  At  a  height 
of  approximately  0.7m  where  the  first  sawtooth  appears  in 
Figure  4,  we  again  find  that  the  derivatives  of  B,  and  B, 
in  the  curl  expression  for  the  H-field  are  of  sijiiilar 
magnitudes  and  almost  in  anti-phase.  Thus  the  saw-tooth 
effect  is  almost  certainly  due  to  loss  of  precision  due  to 
the  subtraction  of  two  quantities  of  similar  magnitudes. 

One  poasibla  solution  to  the  difficulties  experience  may 
be  to  calculate  the  H-field  from  the  Kortsion  Vector 
potential  n  as  in  (6),  instead  of  (!)•  This  would 
presumable  require  considerable  modifications  to  NBC  and 
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tho  auxiliary  program  SOMMEC.  In  ordar  to  tost  this 
approach  wa  could  try  using  Bannistor's  image  theory 
expression  to  compute  the  H-£iold  of  a  horizontal  dipole 
by  using  finite  difference  approximations  to  both  (1)  and 
(6)  since  solutions  for  it,  B  and  H  are  available  [6]. 

The  basic  problem  with  calculating  the  Il-fields  by  finite- 
difference  approximation  of  the  curl  of  the  £-field  for 
horizontal  dipoles  at  a  small  heignt  above  ground  can  be 
better  understood  by  examination  of  Bannister's  image 
theory  fosnuulae  [6],  For  a  dipole  parallel  to  the  x-axis 
we  find  that  the  £, -field  due  to  the  first  term  on  the  RHS 
of  (5)  Is  of  the  form. 


where  is  the  distance  from  the  dipole  to  the  field 
point  and  is  the  distance  from  an  image  dipole  at  a 
complex  depth  below  ground  which  depends  on  the 
conductivity  of  the  ground  [6]. 

The  contribution  of  the  second  term  on  the  HllS  of  (5)  to 
the  field  is  of  the  form. 


where  p  is  the  radial  distance  from  the  dipole  to  the 
field  point,  JCj  is  the  distance  from  the  ordinary  mirror- 
image  of  the  dipole  to  the  field  point,  and  p  is  a 
constant  depending  on  the  wave  numbers  in  air  and  in  the 
ground.' 

Similarly,  the  £, -field  components  due  to  the  first  and 
second  terms  on  the  HHS  of  (5)  are  of  the  form 

{d*z+h)  x*h  ,g> 

1 


P 


and 


a  p 


r-h  _n  (z+Jl) 


(10) 


We  see  that  the  components  of  and  which  contribute  to^ 
are  varying  with  distance  as  1/R,  (7)  and  (9),  vThile  the 
components  which  do  not  contribute  are  varying  as  1/r’,  (0) 


'it  should  be  noted  that  in  Bannister's  paper  the  second 
term  in  his  equivalent  to  (8)  here  Is  Incorrect;  the  "B*  is 
missing  in  the  ’‘3p>'‘  term  in  the  second  part  of  this 
expression. 
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and  (10)i  It  Is  not  surprising  that  inaccurate  results 
may  be  obtained  when  the  H-fielda  are  calculated  from 
partial  derivatives  of  the  E-fialds  and  finite-differences 
are  used  to  approximate  these  derivatives;  if  the 
magnitudes  of  the  derivatives  of  (8)  and  (10)  are  large 
compared  with  those  of  (7)  and  (9)  such  difficulties  may 
be  expected  since  ideally  the  larger  derivatives  should 
cancel  one  another,  but  In  practice  the  residual  error  may 
be  comparable  to  the  desired  result. 

4 .  COHChUSIOM 

We  have  identified  three  types  of  error  conditions  in 
using  NUC  to  calculate  the  near  magnetic  fields  of  a 
horizontal  dipole  close  to  an  imperfect  ground.  Thu  main 
difficulty  with  using  the  i'D  curl  approximation  to  obtaxn 
the  I!-fleldB  and  E-fields  is  that  the  latter  may  include 
components  whose  curl  is  mathematically  zero  but  whan  this 
operation  is  carried  out  numerically  errors  may  be 
introduced  due  to  slight  inaccuracies  in  the  B-fields. 

For  the  problem  considered  here  the  nrrors  appear  as  saw¬ 
tooth  discontinuities  in  the  calculated  H-fiold  which  are 
associated  with  the  curl  of  two  orthogonal  E-field 
components  almost  cancelling  one  another. 

Wo  believe  that  the  difficulty  can  be  overcome  by  re¬ 
formulating  the  ll-field  solution  in  NEC  in  terms  of  the 
Hertzian  vector  potential  or  an  alternative  vector 
potential  function. 
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t'lGUHi:  2.  1.2  MHz 

COMPAKISON  01’  THE  H-FIELD  STUENGTHS  CALCULATED  UY  NEC3D 
AND  BY  NEC2D  -  HORIZONTAL  3  METRE  DIPOLE  OVER  A 
SOMMERi'ELD  GROUND  WITH  CONSTANTS  a  -  11  X  10"’  S/m 
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flGUUE  3.  10  MH-i 

COWi'AHIHON  01'  TUli  H-l’IliLU  Sa’llKNGTHS  CALCULATED  13Y  NEC3U 
AND  BY  NEC2D  -  HOHIZONTAL  3  METKE  DIPOLE  OVER  A 
SOMMEUi’ELD  GROUND  WITH  CONSTANTS  ct  "  11  X  10'^  S/iii 
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E- MELDS  V/m  (dB) 

FIGURE  4A  1.2  MHz 

COMPARISON  OF  E-FIELD  STRENGTHS  CALCULATED  BY 
NEC-2D  AND  BANNISTER'S  FORMULAE  AS  A  FUNCTION 
OF  HEIGHT  AT  A  HORIZONTAL  DISTANCE  OF  6.0m  FROM 
DIPOLE  CENTRE 
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E-FIELDS  V/m  (dB) 

FIGURE  4B  1.2  MHz 


COMPARISON  OF  E-FIELD  STRENGTHS  CALCULATED  BY 
NEC-2D  AND  BANNISTER'S  FORMULAE  AS  A  FUNCTION 
OF  HORIZONTAL  DISTANCE  FROM  DIPOLE  CENTRE  AT  A 
HEIGHT  OF  2.3m 
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Abstract  -  Numerous  radiation  pattern  profiks  for  the  commercially  availabk  Barker 
k  Williamson  AC-l.S-SO  antenna  were  presented  in  an  earlier  paper  [I],  Mre  the 
computed  patterns  were  obtained  with  the  code  NEC2  executed  on  a  personal  computer, 
assuming  a  purely  real  antenna  termination  of  804  This  paper  unproves  the  earlier  results 
by  use  of  measured  comvUx  impedance  values  for  the  antenna  termination,  and  then  extends 
tM  comparison  of  computed  to  measured  values  to  include  patterns  calculated  by  the  code 
NSCS  executed  on  an  IBM  S090  mainframe  computer. 


INTRODUCTION 

The  Barker  ii  Williamson  model  AC-1  8-30  hf  antenna  used  in  this  study  is  depicted 
in  Figure  1.  This  configuration  could  called  a  (balanced-feed,  loaded)  pyramid.  The 
antenna  of  Figure  1  is  referred  to  as  a  vertical  half  rhombic  (VHR),  however,  because  the 
VHR  descriptor  is  more  widely  known  and  evokes  an  essentially  accurate  mental 
viiu^aation  of  the  geometry. 

An  earlier  paper  [Ij  presented  graphical  comparisons  of  several  .  .ensured  and 
comput^  radiation  patterns  for  this  antenna,  with  the  computed  patterns  obtained  from  the 
personal  computer  (pc)  code  NEC2  (specifically,  NEC~81,  version  2.2).  In  [Ij,  the  antenna 
termination  was  taien  as  804  fl,  purely  resistive,  over  the  3-30  MHz  hf  spectrum. 
Subsequent  measurements  on  the  termination  have  revealed  that  its  value  is  complex  and 
depends  significantly  on  frequency,  as  shown  by  the  experimental  data  contained  in  Table  1. 
The  resultant  chimges  in  computed  patterns  obtained  from  NEC2  with  the  refined 
termination  parameters  are  minor,  but  perceptible. 

The  initial  motivation  for  the  work  reported  in  [1]  was  to  assess  the  accuracy  and 
reliability  of  a  pc-ba^  analysis  code  in  the  case  of  a  typi^  wire  antenna  near  leal  ground. 
The  convenience  of  using  a  personal  computer  is  attrartive,  and  it  appears  that  NEC2  is 
acceptable  for  many  apimeations.  However,  because  the  subject  antenna  has  two  ground 
stakes  penetrating  the  earth's  surface  in  addition  to  a  single  counteijwise  wire  very  dose  to 
the  surface,  the  potential  improvement  in  numerical  pattern  predictions  accuiing  from  the 
utilixation  of  the  (mainframe)  computer  code  NEC3  merits  investigation.  This  paper  reports 
new  pr^cted  patterns  which  have  been  computed  with  double-i^recision  NEC3  code  on  an 
IBM  30fi0  mainframe.  Graphical  comparisons  are  made  of  the  NEC2  personal  computer  and 
NECS  mainframe  results  to  the  origisai  expeniueBtal  putteni  data. 

The  pattem  measurements  were  carried  out  using  Byring's  Broadband  Antenna  Test 
System  (BATS)  at  its  Cedar  Valley,  Utah,  test  range.  lietails  regarding  the  BATS 


configuration  and  methodology  are  available  in  references  [2]  and  [3],  and  the  antenna 
measurement  beacon  is  discussed  in  [4].  Test  site  ground  parameters  (dielectric  constant) 

and  f  (conductivity)  are  measured  for  each  pattern  profile  as  described  in  reference  [5].  The 
measured  data  here  are  unchanged  from  that  in  [1]. 


TABLE  1 

Measured  Termination  Impedance 


Freq.  (MHz) 

Impedance  (0)  { 

1  Freq.  (MHz) 

Impedance  (H) 

1.0 

798  -  j  35 

16.0 

585-j333 

2.0 

794  -j  62 

17.0 

567  -  j.342 

3.0 

786  -j94 

18.0 

550-j348 

4.0 

777  -jll8 

19.0 

632-j358 

5.0 

766  - jl46 

20.0 

510  -  j370 

6.0 

753  -jl71 

21.0 

487  -j371 

7.0 

739-jl90 

22.0 

466-j371 

8.0 

727  -  j211 

23.0 

449-j369 

9.0 

713-j232 

24.0 

435-j308 

10.0 

695-j2S3 

25.0 

419-j368 

11.0 

678-j271 

26.0 

406-j370 

12.0 

660-j286 

27.0 

388-j368 

13.0 

1  J  A 

642-j299 

28.0 

AA  A 

372-j365 

Arn  iHAA 

15.0 

603-j325 

j  30.0 

341-j358 
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COMPARISON  OF  COMPUTED  AND  MEASURED  PATTERNS 


Mewuied  radiation  pattern  proGlea  were  acquired  at  the  Eyring  facility  at  frequencies 
of  3.19S,  10.13,  10. 0475,  and  22.9015  MHz.  Cotres^nding  NEC2  patterns  were  subsequently 
compute  on  an  IBM  pc,  and  NEC3  patterns  were  computed  (double  precision)  on  an  IBM 
3000  main&ame.  DATS  software,  running  on  the  pc,  was  used  to  overlay  the  NEC2  and 
downloaded  NEC3  computed  patterns,  compensated  for  efficiency,  on  the  measured  data 
plots. 

Figures  2-4  are  gain  versus  elevation  pattern  profiles  at  respective  frequencies  of 
3.1925,  10.12,  and  19.0475  MUz.  The  measured  data  was  derived  from  airborne  flyovers 
along  a  North-South  course  (perpendicular  to  the  axis  of  the  antenna).  The  polarization 
attitude  was  horizontal,  with  the  measurement  beacon  radiator  aligned  parallel  to  the  VHK 
axis.  Manifestations  of  high  winds  aloft  arc  evident  in  the  flyover  patterns  of  figures  3  and 
4,  whicli  were  measured  four  days  earlier  than  the  figure  2  pattern.  While  the  NEC2  pc 
predicted  patterns  exhibit  satisfactory  shape  characteristics  for  figures  2—4,  the  pattern  size 
predictions  are  substantially  in  error  (»  5  dB)  at  3.1925  and  19.0475  MHz.  The  NEC3 
predicted  patterns  emulate  the  measured  data  in  all  three  instances. 


Full-scale:  9  dlli 


NEC3  COMPUTED 


■  NBC2  COMPUTED 


- MEASURED 


Figure  2.  Gain  versus  elevation  for  horizontal  polarization  at 
3.1925  MHz,  compass  azimuth  =  O’  (r  =  18.5,  a  =  4.3  mS/m). 


Fidl-Kale;  9  dBi 
3  dB/div 
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NEC3  COMPUTED - NEC2  COMPUTED  - MEASURED 

Figure  3.  Coin  vetsui  elevation  for  horizontal  polarization  at 
10.13  MUi,  compaiie  azimuth  »  0*  (r^  ti.7,  ct »  6.7  mS/m). 


Full-«cale:  0  dBi 
3  dU/dlv 

w 


Figure  4.  Gals  versus  devatios  for  horizontal  polarization  at 
lO.oVfC  MHz,  compass  azimuth  =  O'  (c^  =>  7.8,  a  —  8.9  uiS/m). 


I 
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I''ij(urcii  S-11  piewint  seven  gsin  veisui  wimuth  pntteni  profiles  (involving  vuioui 
values  of  elevation  angle  8  atove  the  horiaon)-  Figures  6-8  are  vertical  polarisation  oases, 
while  the  polarisation  is  horisontal  in  figures  10  and  11.  The  NEC3  predicted  patterns  (hr 
figures  5-7  are  notably  moro  successful  tnan  NEC2  in  the  minor  lobe  lemons.  Alsu,  fimire  7 
depicts  a  case  where  the  overall  pattern  sise  from  NEC2  is  unacceptable  while  the  NEC3 
results  correlate  well  against  muasureinents.  Although  neither  code  predicts  the  bade  lobe  in 
figure  8,  the  NEC3  pattern  sise  is  far  superior  to  the  NKC2  analysis.  In  the  case  studv  of 
figure  0,  NKC3  afforded  only  modest  improvement  over  the  NEC2  results  in  the  minor  lobe 
region. 


- MEASURED 


Figure  6.  Gain  versus  oxiinuth  for  vertical  polarisation  at 
1U.12  Mils,  6*  elevation  s  lU.O,  a  8.0  mS/m). 


NEC3  COMPUTED - NEC2  COMPUTED  - MEASURED 

Figure  0.  Cnin  versus  asimuth  for  vertical  polarisation  at 
22.0015  MUs,  10*  elevation  ( s  6.3,  c  s  6.5  mS/m), 
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0  Ngrtri 


Nt;C3  COMPUTED  - NECa  COMPUTED 

Figure  V.  Gain  vursut;  azimuth  fur  vertical  polarization  at 
3.1925  Mliz,  2U‘  cluvatiua  (r^  13.5,  a  =  l.S  mS/m). 


a 


IM 


NEC3  COMPUTED - NEC2  COMPUTED 

I’lifiiri*  ft-  ftjiin  vf*r*«*ifi  ftxlsns 

*v**>«>«  *V4  vv*»«Wi>*  «• 

3.1025  MUs,  40*  elevation  «•  13.5,  a  =  4.3  mS/m). 


-  MEASURED 


MEASURED 
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NliC3  COMPUTED  - NEC2  COMPUTED  - MEASURED 

Figure  0.  Gain  veiiut  azimuth  for  vertical  polarixation  at 
10.0476  MIU,  30'  elevation  (<^  6.0,  a  —  lO.B  mS/m). 


Figurci  10  and  11  ihow  more  intricate  horizontal-compoucnt  patteriii  at  10.13  and 
10.0475  MUa,  respectively.  NEC2  and  NEC3  predictions  arc  of  comparable  quality  in  tiiese 
cases. 


a  iwtn 


NEC3  COMPUTED - NEC2  COMPUTED  - MEASURED 


I'lguru  10.  Gain  voiiui  aaimuth  Ibi  horiseontal  polai-iiatiou  at 
10.12  MHa,  30'  elevation  (e  ■■  8.7,  <r «  0.7  mS/m). 


MEASUllED 


11.  Gaia  votiuu  azimuth  I'oi  hoiitontai  polarization  at 
1U.0475  MUz,  30"  olevatioii  (4^  =  B.fl,  a  »  10.8  inS/m). 


CONCLUSIONS 

This  work  has  sampled,  through  a  iirucihG  caae  study,  the  accuracy  and  reliability  of 
NEC3  and  NUC3  radiation  pattern  prodictious  for  hf  wire  antennuu  in  dote  proximity  to 
iinitc  ground.  SigdGcant  improvement  accrued  from  the  use  of  NUC3,  which  cooilttently 
outpecforroed  NUC2  in  predictions  conceruing  pattern  size  and  minor  lobe  structure.  Once 
the  NKC3  model  is  suflideatly  inclusive  to  give  good  agreement  with  the  results  of  a  modest 
pattern  measurement  series  at  a  few  discrete  I'tequendes,  patterns  at  new  iittermediatc 
(tequcnclos  may  be  predicted  by  use  of  N11C3  witli  a  mgh  degree  of  confidence. 
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A  Survey  of  Numerical  Techniques  for  Modeling  Sources  of 
Electromagnetic  Interference 


To  Id  H.  Ftubiiig 
Universiiy  of  Missoiiri-Roliu 
K0IIU.MO  63401 

Ab«tract 

This  paper  describes  tlie  preliminary  results  of  u  study  to  identify  ways  of  using  numerical 
modclbig  lochniqucs  to  anoly/e  sources  of  electromagnetic  iiitcrfcicncc  (EMI).  I'itst,  two  canonical 
HMl  sources  were  developed  that  represent  Uic  type  of  configurations  that  need  to  me  modeled. 
Then  a  number  of  numerical  electromagnetic  modeling  techniques  wciv  evaluated  to  determine  their 
suitability  for  analyzing  these  conligumtions.  None  of  die  currently  available  techniques  appears 
to  bo  a  very  practical  appnuch,  however  hybrid  icchniqucs  tliiii  combine  u  surface  integral  method 
with  a  futile  method  show  considerable  promise. 

liitroductiun 

Manufuetui'crs  of  electronic  equipment  arc  taking  moic  of  on  interest  in  the  amount  of 
clcetromagnetk'  nidiadon  that  emanates  from  dicir  pntducis.  This  is  due  to  strict  laws  regulating 
electromagnetic  iiiUTforencc  (EMIl  and  the  potciUiully  high  cost  of  shields,  liltcrs,  and  odicr  EMI 
fixes  required  to  moke  an  otherwise  noisy  product  meet  these  icquiicnicnts.  Many  conipunits 
employ  fuU-dme  EMI  enginocn  who  view  every  electronic  system  as  an  clccbomagnctic  radiation 
source.  By  understanding  how  and  why  different  configurations  radiate,  tlicsc  cnginccis  work  at 
developing  (.lesigns  dial  nioet  the  radiation  requirements  at  the  lowest  possible  cost. 

Ifaditionally,  EMI  engineers  have  relied  pi  iiiiaiily  on  their  measunmient  experiences,  rulcs-uf- 
tliumb.  and  simple  inluidvc  models  to  guide  them  in  making  design  choices.  Unfotiunalely,  EMI 
rules-of-thumb  that  apply  in  some  situations  may  not  apply  in  odiers.  Simple  tnudcling  techniques 
such  as  circuit,  transmission  line,  or  basic  aiilcimu  models  only  work  well  when  die  source  and  all 
relevant  cument  paths  can  be  readily  identified.  Must  EMI  problems  today  however  arc  not  obvious 
enough  to  be  predicted  or  analyzed  using  these  sliuplc  techniques,  llicrcloic,  die  only  tools 
remaining  for  EMI  cngiiicera  in  must  eases  are  meusurcmciUs  of  the  system  or  its  componenb. 
Unfortunately,  practical  measurements  can  nut  be  iiutdc  without  existing  liardwaie  and  iliis  is  nut 
usually  available  eaily  in  a  product's  devclojimcnt  when  critical  design  decisions  arc  being  made. 
Also,  ineosurod  results  in  die  absence  of  a  dicoraticul  model  can  be  misleading  and  do  not  necessuiily 
suggest  how  a  design  should  be  mudilied  to  minimize  radiated  emissions. 

Numeiieol  modeling  techniques,  whicii  have  revoludonized  die  fields  of  aiiutiina  and  microwave 
system  analysis,  have  had  relatively  Iltdc  impact  on  EMI  source  analysis.  Some  work  involving 
the  modeling  of  componenb  and  cables  has  liocn  done,  but  the  xopc  of  Uiis  work  is  limited  and 
these  techniques  are  nut  widely  used  by  EMI  cnginecr.s.  The  primoiy  reason  fur  this  is  that  the  types 
of  problems  that  EMI  engineers  would  like  \a  model  cannot  be  analyzed  by  available  numerical 
techniques.  In  the  following  sccdun,  two  configurations  reptc..enting  die  type  of  problems  EMI 


I'igurc  1;  Curionical  PrinteU  Circuit  Board  Model 


cn^jiiiccrii  need  to  be  able  to  iiiixlul  me  described  and  the  extent  tu  which  uuj..erical  techniques  can 
be  used  to  niudul  tiicsc  cimriijuiutiuns  is  discussed. 


Cuiiunkal  EMI  Souruta 


Consider  the  cuntitiurationillusuatcd  ill  Hgurr.  1.  It  consists  of  twociniuits  mounted  on  opposite 
sides  ol'a  tliin,  diclectrie-coutcd  metal  plate,  I  his  eonlitturatiun  is  sintilm-  to  a  printed  circuit  board 
cnviiunment  with  components  on  one  side  of  the  boutd  and  uaces  on  the  other,  A  model  like  this 
mit^lu  be  used  by  liMI  engineers  tu  answer  quustiuns  about  possible  problems  with  crosstalk  between 
cimuiis.  I*rominunt  features  uf  this  cunfiKurution  include  its  clcctiicidly  small-to-resonant  size,  the 
picsuucu  ui  a  dielccu'ic,  the  tiiiii  muuU  (ilutc  with  wints  utbiched  tu  both  sides,  the  unbounded 
gconictiy,  and  the  close  proximity  of  the  ciii  nit 
leads  (u  tlie  plate. 


Surface  inteural  tccliniqnes  based  on  the 
mcthod-of-inumcnts  can  be  very  efficient  at 
analyzing  elecuically  siiiall-to-rcsoiiant  radiation 
problems.  However,  they  arc  not  wcll-suilcd  to 
modeling  arbitraiy  configurations  containing 
dielvemcs  or  wires  attached  to  up|)osiie  sidc.s  of  a 
thin  plate. 

hiiiiic  techniques  such  us  the  tinile  clement 
method,  finite  difference  time  domain,  finite 
volume  time  domain  and  u-mismissiun  line  matrix 
techniques  excel  at  analyzing  comitlcx,  in¬ 
homogeneous  cunliguraiiuiis  with  both  conduc¬ 
tors  and  diclcctiics.  However,  these  techniques 
require  tliat  a  3-dimBiisiunal  grid  be  constructed 
ihrougliout  the  entire  volume  to  be  analyzed,  for 
unbounded  radiation  problems,  this  grid  quickly 
grows  very  large.  A  great  deal  of  cominitation 
may  be  required  even  for  relatively  simple 
geometries. 


Hgure  2:  Canonical  EMI  Source  Model 
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I'lii;  cunfiguratiuii  in  i'iguic  1  is  nut  large,  but  it  is  unbounded.  It  also  requires  a  detailed  grid 
in  the  vicinity  of  the  wires  because  of  their  proximity  so  the  plate.  Because  of  these  constraints,  the 
author  has  nut  been  able  to  locate  a  readily  available  computer  code  capable  of  analyzing  tliis  type 
of  contiguration  efficiently.  However  finite  techniques  such  as  the  finite  volume  time  domain  and 
finite  element  methods  could  theoretically  be  applied  to  this  problem  given  sufficient  computer 
resources. 

Although  die  configuration  in  figure  1  represents  an  intpoitam  class  of  EMI  problems,  printed 
circuit  curds  rarely  exist  isolated  from  other  sources  or  conductors,  llic  eonfiguration  in  Figure  2 
is  mure  typical  of  an  EMI  source  canfiguratiun  ll|.  It  consists  of  a  printed  circuit  board  configura¬ 
tion  witli  a  partial  metal  cnclusuie  and  an  attached  cable.  Assuming  dial  the  cable  is  shielded,  all 
of  die  cuiTciits  cuiitributhig  to  the  EMI  can  be  assumed  to  flow  on  the  outer  surface  and  in  must 
cases,  the  cable  can  be  modeled  with  a  solid  wiie.  Like  the  model  in  Figure  1,  this  contiguralion 
contains  dielecU'ics  and  thin  plates  with  multqilc  wire  attachments  making  suiface  integral  techni¬ 
ques  inipracdeal.  However,  because  of  the  presence  of  the  relatively  long  thin  wire,  finite  techniques 
are  also  impractical.  This  is  because  cieatiiig  a  grid  thruugliuut  a  volume  laigc  enough  to  contain 
the  card,  shield,  wire,  and  the  eiitiie  near  field  of  the  source  results  in  a  problem  that  is  unmanageable 
from  a  computational  standpoint.  Altliough  tlie  model  in  Figure  2  re|nesciits  a  lelaiivcly  simple 
EMI  source,  it  cannot  be  analyzed  effectively  by  any  existing  iiuniericul  uchniques.  1'his  illustrates 
why  numerical  iiiudcling  techniques  are  not  conimonly  used  to  model  EMI  sources. 


Hybrid  lechniqucs 

Surface  integral  techniques  such  as  most  moment  method  tcclmiqucs  and  the  boundary  elemeiii 
method  arc  very  efficient  at  analyzing  long,  thin  wires  and  large  conductive  surfaces.  Finite 
lecliniques  are  best  at  modeling  cuuiplcx,  iiihumogeiieous  regions,  'lliereforc,  it  makes  sense  to 
combine  a  surface  integral  teclinique  widi  a  finite  technique  in  order  to  take  advantage  of  the  best 
properties  of  each.  A  number  of  hybrid  methods  liavc  Iwen  proposed  dial  combine  two  existing 
techniques  [2-01.  Generally,  the  coiillguratiun  is  divided  into  two  or  more  regions.  The  numerical 
technique  best  suited  to  each  region  is  applied  in  that  region  and  boundary  conditions  arc  enforced 
at  the  intert'ace  between  regions.  Fur  example,  a  hybrid  moment  method  finite  element  technique 
might  apply  a  finite,  clement  analysis  within  the  small  volume  containing  the  curd  and  inside  surface 
of  the  shield  in  Figure  2.  A  iiiument  method  kiclmiquc  would  simultaneously  be  applied  to  the 
surface  defined  by  die  wire,  shield,  and  die  boundary  with  the  finite  clement  region. 

So  fur,  no  one  has  implemented  a  hybrid  technique  capable  of  analyzing  tfic  configuration  in 
Figute  2  or  iiiost  ty|ics  of  cuiifigurations  of  intetest  to  EMI  engineers.  However  progress  continues 
to  be  made  in  this  area.  While  must  numericai  methods  up|)ear  to  have  fundamental  limitations  that 
will  prevent  them  from  ever  being  efficiently  applied  to  most  EMI  sources,  hybrid  techniques  have 
die  potential  to  overcome  these  limiutUons. 

Summary 

KMl  engineers  have  not  yet  benclitted  signiltcantly  from  the  numerical  techniques  that  have 
revolutionized  the  antenna  and  microwave  engineering  fields.  The  ivm  simple  configurations 
picscnictl  here  illustrate  some  of  the  ditficultics  involved  with  applying  numerical  techniques  to 
EMI  source  models.  Hybrid  techniques  that  combine  a  surface  integral  method  with  a  finite  method 
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appear  to  be  the  best  long-term  approach,  however  more  development  of  these  techniques  is 
required. 

Hopefully,  given  the  late  at  which  progress  in  this  area  is  being  achieved,  an  algorithm  capable 
of  accurately  analyzing  the  configurations  presented  here  is  not  far  off.  Once  such  an  algorithm  is 
implemented,  it  will  likely  become  one  of  the  most  powerful  tools  available  to  EMI  engineers. 
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COMPUTER  AIDED  EttCmOfilACNETIC  COMPATIBIUTY  ANALYSIS 
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Elect'omagnctic  EnviromiiMial  Effects  (H*)  Laboyaioiy 
Georgia  Tech  Reseaicb  IiisUtute 
Georgia  lostitate  of  Technology 
Atlanta,  Georgia  30332 


ABS'ISiACT 

Electi'oznagnetic  Compatibility  (EMC)  analysis  is  essential  during  ail  stages  of  system  desigii, 
from  concept  to  deployment  However,  EMC  analyses  of  systeins  are  very  complex,  requiring 
inputs  which  may  not  be  known  to  the  EMC  analysts.  Also  not  all  of  the  computer  aided 
engineering  (CA£)  tools  available  to  perfonn  the  analyses  are  appropriate  for  performing  EMC 
anaiyses  at  each  stage  of  the  design.  Cjue  must  be  exercised  when  using  these  CA£  tools  such  that 
the  garbage'in'gurbage-ouc  syndrome  does  not  prevail.  What  is  required  is  »  front-end  CA£  tool 
wiiich  will:  (1)  assist  the  EMC  analysts  to  better  deSue  the  problem  to  be  analyzed;  (2)  allow  the 
analyses  to  performed  optimally  for  the  input  data  available;  (3)  select  the  appropriate  analytical 
tool  (existim;  EMC  CAE  program);  and  (4)  produce  uniform  outputs  which  the  EMC  analysts  can 
understand. 

An  EMC  CAE  tool  which  meets  these  requirements  is  under  develo''ment  at  Georgia  Tech 
and  is  called  the  Georgia  Tech  Configuration  Aiialysis  Program  (G1 CAP^)  [1-3].  GTCAP  is  a 
modular  EMC  CAE  tool  with  a  relational  database  based  on  a  framework  concept  and  a  “lesmns 
learned"  capability.  It  is  menu  and  list  directed,  lias  a  graphical  user  interface  (GUI),  and  contains 
default  input  values  based  on  specifications.  GTCAP  guides  the  EMC  analysts  through  the  process 
of  performing  EMC  analyses  at  each  stage  in  the  design,  acting  as  the  EMC  expert,  based  on  the 
input  data  available  at  the  time.  GTCAP  is  designed  to  operate  on  PC-based  machines  under 
several  operating  systems. 


IKIRODUCnON 

Modem  platforms  (e.g.,  military  vehicles}  are  designed  to  employ  complex  systems  and 
electronic  devices  which  utilize  much  of  the  electromagnetic  spectrum.  Also,  the  eiecuomagneiic 
envirc ament  (EM£)  to  which  these  platforms  will  be  subjected  is  very  complex  and  can  contain 
emitters  which  generate  Geld  strengths  cjqtable  of  emtsing  adverse  electromagnetic  environmental 
effects  (£’).  Therefore,  E’  analyses  must  be  performed  during  each  phase  of  the  platform’s  life 
cycle  from  concept  to  deploymenL  The  type,  degree,  and  reliability  of  the  available  input  data  for 
these  £’  analyses  varies  as  the  platform  progresses  through  its  life-cycle  phases.  To  perform  £’ 
evaluations  of  configured  platforms  in  a  timely,  cost  effective  manner,  a  computer-bwd  tool  is 
required  which  utilizes  tte  available  input  ^ta  and  which  allows  the  engineer/operator  to 
co^gure  the  platform  with  avionics  and  electronic  systems,  including  boxes,  cables  and  antennas, 


‘  Copyright  GTOC  1988. 
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perform  an  analysis  (evaluation);  and  report  the  results.  Also,  the  operator  must  be  permitted  to 
save  the  results,  to  re-conhgure  the  platform’s  systems,  and  to  re-do  the  analysis  as  needed. 

The  CAE  tool  which  can  perform  this  analysis  in  an  integrated  fashion  is  GTCAP.  GTCAP 
is  highly  modular  in  design,  menu  and  database  driven,  and  contains  a  “lessons  learned"  feature 
which  allows  the  operator  (and  the  program)  to  leant  during  each  analysis. 

CONFIGURAHON  ANALYSIS  PROGRAM 

The  genera]  structure  of  the  GTCAP  CAE  software  is  shown  in  Figure  1.  A  modular 
software  struaure  is  used  which  includes  all  required  inputs  and  outputs  for  module-to-module 
communication,  and  the  software  is  programmed  to  DOD-Sl'D-2167  [2].  The  major  modules 
include  the  User  Interface  Module  (UIM),  the  Platform  Evaluation  Module  (PEM),  and  the  various 
measures  of  perfonnarce  (MOP)  modules. 

The  UIM  is  the  program  “eMCutive"  which  provides  the  interface  between  the  GTCAP 
operator  and  the  PEM.  The  logic  for  the  UIM  and  GTCAP  analysis  process  is  shown  in  Figure 
2.  The  UIM  allows  the  operator  to  (1)  select  the  platform  and  the  work  order  (WO)  being 
implemented;  (2)  position  the  equipment  on  the  platform;  (3)  compute  and  store  the  equipment 
position  and  orientation  in  a  database;  and  (4)  set-up  the  evaluation  scenario  by  selecting  the  mode 
(baseline  without  interference,  intersystem,  or  platform  with  external  EME),  the  equipment  and 
the  platform  operation/mission.  After  the  evaluation  is  complete,  the  UIM  generates  the 
analysis  reports.  It  then  permits  the  operator  to  reiterate  the  configuration/analysis  process^ 

The  PEM  is  called  by  the  UIM  to  perform  the  evaluation  of  the  platform  configuration 
defined  in  the  platform  configuration  daubase.  The  PEM  uses  the  electromamietic  interference 
(EMI)  module  to  compute  the  intra-platform  coupling  and  perform  E'^  o  ‘ulyses  of  the 
configuration.  The  PEM  also  uses  the  mission  module  to  compute  the  coupling  oi  o t.;mal  emitters 
to  on-board  aotennas  and  perform  electromagnetic  vulnerability  (EMV)  predictions. 

The  MOP  evaluation  modules  utilize  intersystem  and  inter-platform  analysis  results  from 
the  PEM  to  determine  the  degradation  in  the  MOP's  on  the  platform.  Each  system  (Flight 
Control,  Communications,  Navigation,  Electronic  Warfare,  Radar,  Electro/Optic)  has  its  own  MOP 
evaluntion  module,  EMI  database  and  MOP  database. 

GTCAP  utilizes  large  databases  generated  off-line.  These  databases  include:  the  platform 
structure  descriptors,  the  electromagneuc  MOP,  platform  graphics  based  on  NASl'RAN  finite 
element  models  (FEM),  equipment  EMI  parameters,  and  platform  operations/mission  descriptors. 
The  equipment  EMI  and  MOP  databases,  which  are  critical  to  the  evaluation  of  the  platform, 
must  be  constructed  from  EMI  and  EMV  test  results  or  generated  through  analyses.  Ihe  MOP 
databases  are  generated  by  the  various  system  spedalists  in  coUaborauon  with  E’  engineers.  Where 
actual  EMI  test  data  or  analysis  results  are  not  available,  MlL-STD-461  [3]  emission  and 


“  (NUIE:  other  analyses,  c.g.,  weight  and  balance,  could  be  performed  if  the 
appropriate  modules  are  added). 
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susceptibility  limits  are  assumed  to  apply  and  are  used  as  default  data.  All  database  entry  and 
update  screens  are  designed  to  accomm^ate  off-line  database  management. 


Figure  1  GTCAP  Software  Structure. 


PIATFORM  EVALUATION  MODULE 

The  PEM  is  tbc  engineering  core  of  GTCAP.  Its  purpose  is  to  direct  the  E’  evaluation 
of  the  electronics  for  various  platform  configurations  in  a  defined  EM£.  The  PEM  saves  the  E^ 
results  for  each  evaluated  equipment  and  provides  a  matrU  of  intersystem  EMI  interactioi!  between 
equipment.  A  typical  EMI  matrix  is  shown  in  Figure  3. 
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The  P£M  obtains,  from 
the  appropriate  databases;  (1) 
the  platform  configuration,  (2) 
the  selected  analysis  mode,  and 
(3)  the  aeaud  equipment  list. 
The  ?EM  uses  the  EMI  module 
to  peiiorm  the  EMI  analysis  and 
uses  the  mission  module  to 
define  the  EME  produced  by 
external  emitters  and  to 
determine  the  active  equipment 
list  for  specific  mission  segments. 
The  PEM  relies  on  each  of  the 
equipment  MOP  modules  to 
determine  the  amount  of 
degradation  (adverse  E’)  caused 
by  on-board  and  external 
emitters. 

EMI  MODULE 

The  EMI  Module  is  used 
to  compute  the  intersyscem 
coupling,  'quick  look'  EMI 
margins,  and  the  EM 
susceptibility  assessment  for  the 
platform.  The  on-board, 
intersystem  EME  is  defined  by 
the  radiated  and  couducted 
emissions  of  the  equipment  on 
the  platform.  The  external  inter- 
platform  EME  is  defined  by 
emitters  external  to  the  platform. 
The  primary  EMI  assessment 
codes  utilized  in  the  EMI 
module  include: 


Figure  2  GTCM*  Analysis  Process  Flow  Diagram. 


AAQM  -  Antenua-to-Antenoa  Coupling  Interference  Model  (GTRlIntrosystein  EMI  Analysis 
Program) 

GEMACS  -  CeneraUirnd  Electromagnetic  Model  for  the  Analysis  of  Complex  Systems 
lEMCAP  -  Intrasystem  Electromagnetic  Compatibili^  Analysis  Program 
BSC  •  Basic  Scattering  Code 

AAPG  -  Airaaft  inter-Antenna  Propagation  with  Graphics 


GTCAP  uses  these  codes,  unmodified,  to  compute  untenna-to-antenna  coupling,  antenna  patterns 
of  on-board  antennas,  and  bcx-tc-box,  bvX-tO'-*"blc  and  cablc-to-cabla  coupling  internal  to  the 
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platform,  la  addition  GTCAP  utilizes  AAQM  for  quick  look  anteniia-to>ajatenna  coupling  analyses 
and  frequency  culls. 
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Figui«  3  EMI  Sutusi  lUport  Mntria. 


analysis  APPROAai 

Equipment/system  EMI  parameters  uid  MOP  data  together  with  EM  coupling  data  form  the 
basis  for  E’  an^yses  and  EMI  margin  ca'culations.  The  EMI  Module  accesses  the  EMI  and  MOP 
daubascs  and  calculates  the  EM  coupling.  First-order  approximatioas  of  the  effects  of  frequency, 
pulse  width,  and  pulse  repetition  frequency  (PRF)  are  assumed. 

EM  energy  can  couple  to  a  system  through  cue  or  more  system  ports  of  entry  (POE’s)  [6]. 
POE’S  are  grouped  into  two  separate  categories:  front-door  and  badc-d(jor.  From  an  an^ysis 
perspective,  front-door  paths  are  better  characterized  in  terms  of  coupling  to  the  POE.  Front-door 
coupling  is  further  .sub^vided  into  in-band  and  out-of-band  cases.  In-band  coupUug  tends  to  be 
more  siraightforward  to  analyze  than  cut-cf-band  coupling  both  in  temu  of  the  interaction  of  the 
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incident  EM  radiation  witb  the  antenna  or  seniior  and  the  prapagatiun  of  the  coupled  energy  to  a 
potentially  susceptible  component. 

Solving  EM  coupling  problems  and  peifarming  on  EMI  analysis  using  computer  <  odes  can  be 
an  overwhelming  task.  The  front-door  EMI  coupling  problem  consist  of  the  parts  illustrated  in 
Figure  4.  To  compute  the  coupling  from  a  source  (transmitter)  to  a  receptor  (receiver)  the  output 
level  of  the  transmitter  must  be  known.  TTien  the  cable  loss  between  the  transmitter  and  its 
antenna;  the  antenna  gain;  the  coupling  path  loss;  the  receive  antenna  gain;  and  the  cable  loss  to 
the  receiver  must  be  calculated.  These  factors  must  then  be  appropriately  combined  to  calculate 
the  EM  coupling.  Both  in-band  and  out-of-band  effects  must  be  Included 


The  EMJ  module  permits 
licqucncy  and/or  amplitude  culls 
such  that  baselhie  'quick  look* 
E*  analyses  may  be  Initially 
perfomicd.  It  also  has  the 
ability  to  perform  trade-off 
analyses  by  comparing  the  EMI 
margins  of  the  current 
configuration  with  that  of  a 
pre'dously  evaluated  system. 
Finally,  the  EMI  module  permits 
tailoring  of  EMI  limits  to 
increase  or  decrease 
MlL-STIMfil  limits  to  reflect 
the  expected  operational  EME. 

EMI  CODE  SELECTION 

The  various  EM  codes 
utilized  In  the  EMI  module  can 
calculate  various  parts  of  the  E’ 
analysis  problem.  Since  there 
are  multiple  codes  to  choose 
from,  selection  criteria  must  be 
established  so  that  the  correct 


platform 


EMI  code  for  the  pardcolar  „  ^  ^ 

problem  is  used.  This  s-deetioa  Coupling  Paths, 

criteria  must  reflect  the  input 

data  available  depending  on  the  life-cycle  phase,  the  transmit  and  receive  frequencies  of  the 
equipment,  the  relative  size  of  the  platform  in  wave  lengths,  and  whether  the  coupling  is  internal 
or  external  to  the  platform.  Also  the  required  input  data  to  each  of  these  codes  is  different  and 
the  amount  of  data  is  large.  The  data  must  provide  an  EM  platform  structural  descripdon,  the 
equipment  configuration,  and  the  equipment  EMI  paiameters.  CTCAP  utilizes  an  expert  system 
process  to  select  the  appropriate  EMI  code  and  structures  the  input  data  in  a  pronsr  format  to 
accurately  execute  the  code.  The  logic  of  the  code  selection  process  Is  based  on  the  parameuics 
of  each  EM  code  and  information  contained  in  the  lessons  leanied"  database.  Several  of  these 
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parameters  ar  e  shown  in  Table  1  and  GTCAP's  EM  Codes  Parameter  Matrix  contains  a  complete 
set  of  parameters  for  each  of  the  EM  codes  in  GTCAP.  vectors  are  shown  in 

Table  2  and  are  mapped  into  the  GTCAP  database. 

Table  i  GTCAP  typical  EM  Code  Parameter  Matrix. 
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CONCLUSIONS 

GTCAP,  a  new  EMC  analysis  CAE  tool,  has  been  de»nibed,  Tbis  tool  allows  the  eu|{incer  to 
configure  and  analyze  complex  systeius  through  any  phase  of  the  system  life-cycle.  The  tool 
contains  databases  of  default  ai^  system  EM  characteristics  whi^  serve  as  input  data  in 
conjunction  with  specific  test  or  design  data,  if  available,  for  the  analyses.  GTCAP  utilizes  existing 
EM  codes  to  minimize  the  development  effort,  thereby,  deveiopiug  a  stsuadud  product  which 
utilizes  EM  codes  endorsed  by  the  military  research  establisbrnenu  By  parameterizing,  the  Ehjl 
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codes  aad  their  associated  input  and  output  vectors,  GTCAP  can  select  the  optimum  EM  code  for 
the  evaluation  of  spedOc  EM  problems.  It  provides  an  "exitert  system”  to  select  the  correct  EM 
code  based  on  various  factor's  such  as  the  av^abiiity  of  input  data.  The  results  of  the  analyses 
are  compared  to  the  MOP's  and  displayed,  reported,  and  stored  as  Tessons  learned." 


Table  2  EM  Code  l>plcal  Input  Data  Vector. 
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Translet.  Leakaga  Field  in  Transformers 
with  Saturable  Magnetic  Core 


MIhaela  I.Morega  \  Alexandru.M.I.Morega'''' 


Abitraet 

The  problem  ol'  the  maunctic  leikiuc  field  dliuibutlon  arround  winding!  with 
saturable  magnctle  core  is  solved  with  a  method  which  couples  the  iiumotical  magnetic 
field  calculus  and  the  toluiion  of  the  magnetic  circuit,  equivalent  to  the  electric  and 
magnetic  structure. 

I.  Intiroduc.lon. 

Leakage  field  uumputmiait  in  tiunsfurmcr  atruutuics  is  aitiictl  tu 
ilelcrnilnc  the  sliurlcticuit  purumeters,  ctcciromagnclic  furccK  and  stry  losHCS 
In  windings  and  framework.  The  cumpuiatiun  is  usually  made  uccuiding  to  the 
classical  cure  niuilel  with  infinite  iiiagiictic  pcrmcubllily.  In  oilier  wurd.s.  the 
assumption  of  the  windings  with  cunipensated  umpcrtuins 

There  arc  .  cxpcrlineiilal  researches  [S]  which  evidence  the  incica.sc  of 
llic  magnetic  flux  vaiues  in  transformer  cores  in  sonic  particular  sliorlcirctiil 
working  condition.s,  a.s  cunipured  to  the  values  icuchcd  in  nonload  service.  In 
such  coiidilioas,  the  distribution  of  the  leakage  flux  is  mflucnccd  us  well.  Tills 
is  wily  tills  paper  presents  a  uonipuiatiunul  method  for  the  leakage  ticid, 
whiuli  allows  tu  consider  any  working  conditions  of  Uic  iransfunncr  as  well  as 
ilic  influence  uf  ils  iron-core  magiiolisatlon  cuivc. 

In  this  paper,  a  hybrid  representutiun  of  a  three-pltused  liansformet  is 
piupuscd.  The  magnetic  core  nonlinearity  and  the  specific  working  cuiidiliuns 
arc  studied  on  an  eicciru-magiiciic  equivalent  network;  the  suluiiun  uf  this 
circull  problem  provides  fur  nuiihoniogcncous  bouiidaiy  conditions  us  well  as 
lliu  umpetiurns  values  uf  the  field  sources,  in  the  magnetic  field  piobicin.  A 
finiiu  diflercncc  or  finilc  cicmcnl  method  is  used  tu  obtain  the  dlstiibullun  of 
lltc  leakage  field. 

Tlic  tiictliud  is  preseulcd  with  referenee  tu  a  thrce-pliuscd  truiisfuinici, 
bul  it  can  be  used  to  study  any  other  similar  devices:  iraiisformers,  iiiduclioii 
field  coils,  cctroniugncls,  etc. 


2.  The  Electro-Magnetic  Circuit. 

For  the  rcprcsenuiiun  of  the  transfurmcr,  an  clcctro-magnerlc  nclwork 
is  proposed  (fig.l),  which  is  composed  both  of  the  equivalent  electric  circuits 
uf  the  primary  and  .secondary  windings  us  well  as  the  equivalent  iiiugnclic 
circuit  with  the  magnetic  reluctances  and  the  windings  anipcrtums. 


'I  Ifept.uf  Electrical  ling..  Chair  uf  Eleclrieul  Maciiiiivs,  Huly.Iiiti  uf  Uucliurcsr,  RUMANIA 
''I'Ucpi.iif  Elccirical  ling..  Chair  of  r.lectruLechnics,  Puly.lnsi  of  Uucharesi,  ROMANIA 
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Figure  1 

The  icprcsenlalion  is  based  on  ihc  following  assumptions: 

1.  The  iioiniiialisation  of  the  windings  us  primary  or  secondary  as  well  us  the 
coinictiion  of  the  I'liasc  coils  arc  arbilrarly  made.  The  voltage  three-phase 
source  is  (ui,  U2,  03)  and  the  load  is  represented  tlirough  the  voltage  system 
(uRi.uu2.UR3)  The  circuits  of  the  windings  contain:  the  clcclrie  resistances 
(R)  and  the  induced  voltages  (wd^/di);  the  "h"  and  ”L"  indexes  are  for  high 
voltage  (iiV),  rcspcclivciy  low  voltage  (LV).  windings. 

2.  The  magnetic  circuit  is  represented  by  nonlincur  magnetic  reluctances 
(R,  -  for  the  jok.  ;  and  Ry  -  for  the  columns)  as  well  as  linear  inagnelic 


rcluctiinccN  fur  ihc  lcaku{;c  field  dumains  (K).  The  ainpcriurns  of  ihe  windings 
arc  Ihc  currcnl  sources  (wi). 

3.  The  rcprcscnialion  lakes  inlo  account  the  symmetry  of  the  transformer, 
which  simplifies  the  solution  proces.s,  without  bccing  a  niaiidatory  condition. 

The  set  of  C((uations  which  descriebe  the  iraiisfotnicr.  with  the 
I'ornicrly  specifications,  for  any  for  time  vuiiatioi!,  or  charge  symmetry,  is  the 
following: 


ui(i)  -  KhihlfO  +  w|,d4iij(l)/(Ji  (1) 

U2<.t)  ■=  Rhi|i2(l)  •  wiid(0i2(l)  ^  023(U)/dt  (2) 

U3(0  »  Rh'li3(0  +  Whditi32(0/dl  (3) 

iLl(l)  +  >U2(0  +  ‘L3(l)  *  <■>  (•*) 

RLiLl(l)  +  WLditii(t)/dl  +  UKi(t)  =;  KLiL2(0  +  WLd(i>2(l)/dl  +  UR2(I)  (5) 

RLiL2(0  +  WLd(li|{t)/dl  +  UR2U)  =  HuiL3(l)  +  WLditijdVdt  +  urjU)  (6) 

■tilid)  =  fkCwh'hi;  «'hih2i  WhllOi  WLiLi;  wuIl2;  ■•''Liu)  0) 


The  equations  (1)  •  (6)  result  by  applying  the  Kirchhufrs  laws  for  the 
circuits  "a"  and  "c"  (fig.l):  the  equation  (7)  represents  the  nonlinear 
dependences  in  the  magnetic  circuit  "b".  3'hc  index  "k"  stands  fur:  k  •  1;  2:  3;  12; 


23;  31. 


Kemurks: 

*  Naturally,  the  equivalent  network  could  be  less  simple,  fur  a  beticr  approach 
to  the  real  structure,  but  the  improvement  of  the  results  dues  nut  ju:<tify  the 
complication  of  the  computation. 

**  Ihc  values  of  the  leakage  reluctances  (Ro)  could  be  detennined  after  the 
field  calculus  and  depends  on  the  m.  gnctisaliuii  level  of  the  core  as  well,  but 
they  arc  2  to  3  times  greater  than  the  reluctances  of  the  iron  regions,  in  the 
sense  of  magnitude  order:  tlrut  is  why  it  is  nut  necessary,  for  the  monieni.  to 
have  more  accurate  values  than  those  obtained  as  a  result  of  field  cslimaliun 
based  on  a  simplified  model. 

It  is  nut  po.ssibic  to  solve  the  .system  of  nonlinear  equations  (1)  -  (7).  by 
analytic  methods,  and  us  such,  KLSIsL,  the  well  known  computer  code  |K|  wa.s 
u.scd  to  simulate  the  coupled  circuits  in  fig.l. 

The  outputs  of  the  simulation  provides  for  the  values  of  the  magnetic 
flux  density  in  different  rones  of  the  irunsformcr  magnetic  core  as  well  as  for 
Ihc  vulixs  of  Ihc  windings  umpcriurn.s,  at  each  simulation  time  step. 
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3.  The  Maiiiiclic  Field  Problem. 

The  leakage  field  is  computed  in  the  longitudinal  crass-scclion  plane  uf 
the  transformer  window,  which  includes  the  windings  of  two  phases  and  is 
limited  by  the  magnetic  core.  The  Held  equations  in  the  domain  arc  in 
agreement  with  Maxwcil's  laws  in  terms  of  the  magnetic  vector  potei-.tial 
[Ij-Hl.  [61l  the  boundary  conditions,  of  Neumann  type,  the  values  of  the  field 
sourecs,  the  amperturns  of  the  windings,  arc  imposed  by  the  "working  point" 
of  the  above  formulated  electro-magnetic  circuit. 

The  finite  element  or  finite  differences  method  may  be  used  to 
determine  the  momcnlaneous  magnetic  field  disliibutiun.  Our  model,  as 
compared  with  those  formulated  in  [!]-[4),  (6],  eventualy  admits  more  geticial, 
nonhoinogcncous  boundary  conditions  as  well  as  uncompensated  uinpcrturiis 
for  the  sourecs. 

4.  Application. 

This  hybrid  computational  method  lias  been  applied  in  order  to  .simulate 
a  three-phased  transformer,  under  transient  working  conditions,  during  the 
net  .shorlciicuit  regime.  The  numerical  data  belong  to  a  630k V A:  20/0. 4k V 
transformer  with  cylindrical  windings. 

The  paper  presents  the  magnetic  field  distribution,  for  the  same  lime 
moment,  during  the  shortcircuit.  in  two  situations: 

1.  the  magnetic  core  has  infinite  magnetic  penneability  (fig.2a); 

2.  the  magnetic  core  has  a  nonlinear  magnetisation  curve  (fig.2b).  In  this  ease 
the  unbalance  uf  the  equivalent  amperturns  in  the  domain  is  95,700A  (the 
average  values  of  the  magnetic  flux  density  at  the  boundaries  arc  marked  on 
the  figure). 
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S.  Cnnvluitiuns. 

The  pur?""'  of  this  research  program  was  lo  estimate  the  distribution  of 
the  clcelrodyn:  stresses  during  the  net  shortcircuit  process.  The  combined 

cireuit-l'iclrt  mou  .  above  rjrmuialed,  has  proved  to  be  a  conceptualy  tlexibic 
and  quantitatively  sufficient  accurate  approach  to  rather  complex 
cIcctromaKnctic  structures,  such  as  transformers,  under  less  restrictive 
assumptions. 

The  results  have  proved  tha;  our  hybrid  model  which  implements, 
whhuut  special  difficulties  the  magnetic  core  nonlinearity  as  well  as 
uncompensated  windings  amperturns.  allows  a  better  approach  to  and  in  good 
agreemer'  (in  modelling  sense)  with  the  published  experimental  data  [SJ,  [71. 

its  applicability  to  other  equivalcnl  electromagnetic  devices  models  is 
natural. 

The  basic  concept  of  our  model  is  the  cembintd  u.ce  of  global  (voltages, 
'...rrcnis.  fluxes)  c^uanliiies  (the  actualy  measurable  ones)  and  local  (magnetic 
vvrtor-potcntial)  quanuties  (obtained  through  field  analysis)  and.  as  such,  the 
coinbined  use  of  an  elcctric-circuii  simalaior  and  a  field-analyser 
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FINITE  ELEMENT  ANALYSIS  OF  MAGNETIC  FIELD  DISTRIBUTION 
IN  FERROMAGNETIC  SHIELDS 
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Polytechnic  Institute  of  Bucharest 
Depatnent  of  Electrical  Engineering 
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ABSTRACT 

A  model  for  the  analysis  of  the  .magnetic  field  distribution  and  the  computation  of  eddy  currents 
losses  in  laminated  ferromagnetic  shields  is  proposed  in  this  papei  The  magnetic  field  normal 
penetration  into  the  laminated  shield,  coupled  with  the  reaction  of  the  eddy-currents  leads  to 
a  three-dimensional  magnetic  field  problem  in  a  nonlinear  medium.  The  numerical  treatment 
involves  the  FEM  in  conjiiction  with  the  Newton-Raphson  technique 

INTRODUCTION 

The  ferromagnetic  and  electromagnetic  shields  are  placed  in  the  vecinlty  of  the  electrical 
machines  solid  parts,  m  order  to  reduce  the  eddy-curients  losses  due  to  the  time  varying 
leakage  fields  (1.2. 3, 4)  The  computation  method  o'  the  magnetic  field  distribution  and  the 
eddy-currents  losses  presented  in  this  paper,  are  applied  on  a  three-dimensioiial  structure  of 
a  power  transformer,  with  the  tank  wall  protected  to  the  normal  leakage  flux  penetration,  by 
many  saturabile  iron  shields  (fig  1.) 


The  governing  electromagnetic  field  equation  is 

curlli'  curl  J)-  i  —  'T  — 
itl 


S34 


where  a  end  v  are  the  material  properties:  conductivity  and  reluctivity.  A  is  the  magnetic 
vector  potential,  ^  is  the  current  density  in  the  transformer  coils  (the  source  of  leakage  held) 
and  —c  •  ^  =  If  is  the  eddy-cuurent  density  in  the  iron  shield  (with  its  two  components 
—  on  the  azimuthal  and  on  the  axial  direction).  The  primary  source  of  the  magnetic  field  is 
the  prescribed  alternating  electric  current  density  J.  in  the  coils  of  >iic  trantformor. 

The  laminated  structure  of  the  shield  allows  to  n^lcct.  without  loss  in  accuracy,  the 
reaction  magnetic  field  of  the  eddy-current  density  This  assumtion  leads  to  an  easier 
magnetic  problem  formulation  and  provides  a  higher  computation  efficiency. 

THE  COMPUTATION  METHOD 

The  numerical  model  for  the  eddy-currents  losses  computation  in  the  ferromagnetic  shield 
follows  a  step  by  step  algorithm: 

1)  The  first  problem  is  to  solve  the  Poisson  type  equation. 

curl(r/curl^}=  J.  (2) 

in  a  pU,'  domain,  selected  by  cylindiical  symmetry  (fig.2  ).  which  includes:  the  windings 
with  magnetic  core,  the  shield,  the  tank  and  the  surrounding  air  Some  usual  simplifying 


*  J_  has  a  sinusoidal  time  shape  and  only  an  azimuthal  component,  similar  to 

*  for  the  moment,  the  quasi-stcady  state  is  auumed  and  the  eddy-currents  are  neglected. 
TSc  boundary  conditions  are  of  Dirichlat  type,  as  the  figure  shows 


i 
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Tht  solution  of  e<juation  (2)  is  obtained  by  the  FEM,  coupled  with  a  Newton-Raphson 
technique  if  the  nonlinear  magnetisation  curves  of  the  shield  ai.  .  tank  are  considered.  The 
FEM  formulation  leads  to  the  standard  equation; 


[GK]  ■  {A}  =  1/?1 .  {J} 


(3) 


and,  according  to  the  Newton-Raphson  iteration  procedure,  the  increment  of  the  unknown 
variable  ~  {^}t  fof  the  .,k  -f  l“-th  iteration  step  is  given  by; 


F 

dA,  dAj 


-1 


i>{F) 

dA, 


where  the  energy  functional,  F  is  expressed  by: 


F  = 


dr- 


w 


(5) 


The  discretisation  mesh  is  not  a  very  refined  one,  for  exemple  the  depth  of  the  shield  is 
covered  by  a  single  row  of  triangular  elements.  The  solution  of  eq.(3)  allows  to  compute  the 
values  of  the  norrrul  flux  density  on  the  surface  of  the  shield. 

2)  The  values  of  A,  obtained  as  the  solution  of  the  first  step,  are  used  to  generate  (by 
polinomial  interpolation)  the  boundary  conditions  for  a  detailed  computational  domain:  the 
shield-the  air  space-the  tank  (the  domain  abctl  in  fig.2). 

The  problem  is  similar  to  the  first,  only  a  Laplace  type  equation  is  to  be  solved: 


curlfir  curl  0 


(6) 


3)  The  solution  of  the  second  step  allows  to  compute  the  values  of  the  magnetic  flux 
density  in  the  shield,  especially  the  normal  (radial)  component; 


Hr  = 


(7) 


at  the  level  of  each  triangular  clement  of  the  mesh. 

4)  For  the  computation  of  the  eddy-currents  distribution,  each  sheet  of  the  laminated  fer¬ 
romagnetic  shield  is  considered  with  a  plan-parallel  symmetry  (fig  3).  The  governing  equations 

arc  : 


I  r 

curl  J I  ==  — <T  •  — - 
'  (II 

div  1[  =  Q 

if  a  current  vect ;;  potential  '£  is  introduced  by  the  equation. 

curl  L-h 
div  jL  =  0 


(8) 

(9) 


J 
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it  is  possible  to  reduce  the  problem  at  the  standard  FEM  equation  : 

[C  A'l  .  {T}  =  {A} 


(10) 


where  the  eddy-currents  field  source  {>/s}  is  given  by: 

d{Br} 


{^■}  = 


di 


(11) 


The  boundary  conditions  are  settieu  by  natural  considerations,  as  fig.3  shows. 
5]  The  eddy-currents  losses  in  every  sheet  could  be  evaluated  by  : 


J(D)  a  Ot 


(12) 


The  sum  combines  the  contributions  of  the  n  triangular  elements  of  the  sheet,  each  having 
a  Ajt  surface  and  current  density.  The  sheet  has  the  A(  thickness  (depth)  and  the  cr, 
conductivity. 

Remttki: 

i)  At  this  step  it  is  possible  to  do  a  control  of  the  above  procedure.  The  problem  froni 
the  first  step  is  completed  with  the  distribution  of  the  eddy-currents  density  If  (the 
aaimuthal  component)  in  the  sheet.  With  the  same  procedure  Is  calculated  the  magnetic 
flux  density,  produced  both  by  the  conduction  current  density  (J.  —  through  the  coils) 
and  the  eddy-currents  density  (iZy  —  through  the  sheet). 

The  distribution  of  the  flux  density  in  this  situation,  evaluated  on  the  surface  of  the  sheet, 
is  compared  with  the  similar  distribution,  computed  at  the  first  step.  If  the  differences 
do  not  exceed  a  prescribed  error  value,  then  the  method  is  satisfactorily;  in  other  case, 
the  procedure  needs  a  corection.  However,  the  applications  of  the  computational  method 
ptooved  the  cohetenra  and  the  correcness  of  the  algorithm. 

ii)  The  process  described  above  by  the  steps  1-b  corresponds  to  a  value  of  the  initial  current 
density  J,  in  the  windings.  If  the  nonlinearity  of  the  ferromagnetic  regions  is  taken  into 
account,  the  time  variation  of  the  magnetic  flux  density  (Hi )  has  another  form  than  the 
current  density  (J[)  and  the  procedure  previous  described  must  be  repeted  at  each  time 
step. 


NUMERICAL  RESULTS 

Fig.  4.a.  shows  the  geometry  of  the  model  used  for  a  numerical  application  of  the  previous 
algorithm.  A  plan  axial  ssetion  through  a  two  winding  tiansfuiicier  with  inagneiic  cote,  in  the 
vecinity  of  a  ferromagnetic  shield  and  the  tank  of  the  transformer  is  the  computational  domain 
for  the  first  step.  Because  of  the  longitudinal  symmetry,  only  the  superior  half  of  the  domain  is 
considered.  The  geometrical  dimensions  and  the  boundary  conditions  are  specified  in  fig.d.a. 
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The  magnetic  held  distribution  estinnate  at  the  first  step  considering  the  nonlinearyties  of  the 
domain  is  also  presented. 

For  the  second  step  of  the  algorithm,  only  the  domain  ABCD  is  considered;  the  boundary 
condition  on  AD  is  settled  with  the  result.*  of  the  first  step.  The  mesh  is  much  refined,  for 
exemple  the  depth  of  the  shield  and  of  the  tank  are  covered  with  ten  time  more  elements  than 
at  the  first  step.  Fig.4.b.  shows  the  distifiution  of  the  magnetic  field  lines  in  the  snicld-air-tank 
region  ABCD. 

At  the  fourth  step,  the  computational  doinain  is  a  segment  of  the  divided  shield  (fig.3). 
The  depth  of  the  shield  is  composed  by  ’sn  sheets.  The  distribution  of  the  current  density  is 
different  from  a  sheet  to  another  (see  fig.  5),  being  visible  the  protecting  effect  of  the  shieH 
toward  the  tank  wall. 


CONCLUSIONS 

The  use  of  the  ferromagnetic  shields  is  a  necessity  in  the  design  of  the  high  power  electrical 
machines.  It  does  not  exist  a  general  method  to  dimension  such  constructions.  The  algorithm, 
which  was  presented  before,  allows  to  select  the  most  favourable  configuration  of  the  shield 
(its  geometry  and  emplacement)  in  order  to  obtain  minimum  supplementary  losses. 
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Fig.  5 

The  method  is  usefull  because  it  solves  a  difficult  three  dimensional  magnetic  field  problem, 
through  a  se<|uence  of  easier  two-dimensional  ones,  based  on  the  same  classical  finite  element 
computational  method.  The  gradual  display  of  the  algorithm  follows  the  physical  phenomena 
and  allows  the  estimate  of  the  intermediary  results. 
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ABSTRACT 

This  paper  presents  a  methodology  for  dynamic  analysis  of  AC 
contactors.  In  these  devices,  mechanical  and  electrical  parts  are  coupled 
and  .It  Is  necessary  to  evaluate  with  good  precision  the  electrical 
pariweters,  specially  the  indutances.  The  device  is  voltage  fed  through  a 
sinusoidal  source,  the  dynamic  force  equation  is  considered,  and  a  method 
fur  numerical  integration  is  adopted,  A  Finite  Element  method  is  used  to 
detornlnate  the  -parameters  used  in  an  equivalent  circuit.  The  comparison 
between  theoretical  and  experimental  results  shows  that  the  methodology 
is  consistent. 


INTRODUCTION 

Contact'>rs  are  devices  composed  by  a  set  of  springs  and  a  magnetic 
circuit.  When  a  voltage  Is  applied  to  the  coll,  electromagnetic  force 
attracts  the  mobile  part  toward  the  fixed  part  in  order  to  close  the 
external  contacts  of  the  device.  Although  these  structures  are  well  known, 
an  accurate  calculation  of  their  movement  Is  difficult,  because  It  Is 
necessary  to  evaluate  the  vai'lable  reluctances.  Notice  that  AC  contactors 
have  copper  short-circuit  rings,  and  Its  magnetic  effects  have  to  be 
composed  with  the  action  of  the  principal  coll.  In  this  work  a  FE  system 
determines,  for  several  positions  of  the  mobile  part,  the  inductances  of 
the  contactor.  Currents  are  calculated  in  the  equivalent  circuit, 
enabling  fluxes  to  be  obtained,  therefore  the  magnetic  forces  are 
determined;  finally  the  forces  are  used  In  the  dynamic  equation  which  Is 
then  solved  by  the  forth  order  Runge-Kutta  method. 

CONTACTOR  DESCRIPTION  AND  EQUATIONS 

Figure  '  presents  the  contactor  vised.  It  Is  composed  by  the  coll,  the 
magnetic  circuit,  a  sliort  circuit  ring,  a  spring  set  and  the  contacts. 


Fig.  1  AC  Contactor  Elements 
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method  Is: 


The  mein  equation  for  the  FE 

Curl  u  curl  A  =  Je  (1) 

where  A  Is  the  vector  potential.  Je  Is  the  external  current  and  v  Is  the 
reluctivity  [1],[21,[3J. 

Figure  2a  presents  the  magnetic  circuit,  and  the  equivalent  circuit 
is  shown  In  figure  2b. 


Fig  2a  Magnetic  Circuit  Fig  2b  Equivalent  Circuit 


here  Hi  and  R’a  are  the  coll  and  the  short-circuit  ring  resistances 
Ldi,  Ldai  and  Ld'a  are  coll  and  ring  leakage  Inductances 
Lmi  Is  the  mutual  Inductance 


All  these  Inductances  ar-e  found  by  FE  method  for  several  values  of 
distance  and  they  are  refered  to  the  primary.  The  equivalent  circuit  of 
fig.  2b  Is  used  by  both,  transient  and  permanent  regimes.  During  the  first 
step,  the  Inductances  change  and  they  are  obtained  from  the  curves 
previously  determined  from  FE  results  (and  aproxlmated  by  the  square 
minima  method).  When  the  contactor  is  closed  (permanent  regime)  the  values 
of  Indutances  are  fixed,  since  there  Is  no  movement  any  more. The  example 
under  study  show  no  appreciable  saturation.  Thus  the  analysis  by  phasor 
diagram  Is  possible;  this  diagram  permits  an  easy  visualisation  of  the 
angles  between  the  currents  (fluxes)  In  the  coll  and  In  the  ring.  The 
final  result  of  currents  arid  fluxes  Is  a  resultant  force  with  a  non  null 
value,  avoiding  an  undesirable  vibration. 

The  mechanical  equation  Is: 

M. d^x/dt^  =  Fe  -  K.x  -  B.dx/dt  (2) 


which  Is  solved  by  time  step  Integration.  Where  Fe  is  the 
electromagnetic  force,  K  Is  the  spring  elasticity  coefficient,  o  Is  the 
friction  coefficient,  M  Is  the  mass  and  x  the  displacement. 
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The  general  form  of  the  force,  given  by  Maxwell  Tensor,  Is; 

F  =  (Bu.slnwt)*,S/2.Mo  N/pole 

where  Bm  is  the  magnetic  induction  in  the  alrgap 

In  pole  1  the  force  is  Ft  •  ^i^sin^wt  (3) 

2. 

The  fprcG  produced  in  the  rin^j  pole  Is: 

2  2  2  2 

Fa  “  0ai  .sin  wt  +  .sin  (wt-a) 

2.pa.Szl  S.po.Saa'' 

2 

Expanding  sin  wt  and  assembling  the  terms,  the  expression  becomes: 

Fa  ■  ^21^ +  ^1^ _  -  ^21^,  cos2wt  -  ^1.  cos(2wt-2a)  (4) 

2.po.Sai  2.po.522  2.tt».S2i  2.pa.S22 

where  ^21  and  0ai  are  the  fluxes  in  the  external  and  internal 
surfaces  CSai  and  Saa)  of  the  ring,  respectively;  a  is  the  angle  between 
the  fluxes  [4] . 

The  resultant  force  in  the  ring  face  is  made  of  two  components  which 
individually  pass  through  zero  value,  although  the  resultant  has  non  null 
minimum  value  The  first  two  terms  correspond  to  the  average  component 
and  the  two  last  ones  represent  the  alternate  component  of  the  force. 

The  resulting  force  (Fe)  is;  Fe  =  Fi+Fa 


The  fluxes  of  equations  C3)  and  (4)  are  obtalnned  from  the  currents 
li  e  12,  calculated  in  the  equivalent  circuit.  With  the  voltage  law  of 
Kirchoff,  the  following  equation  system  is  obtalnned; 


■  Vl' 

■  Ri  +  Jw.  Ld 

-  Jw.L«J 

■  u  ‘ 

(5) 

_  0 

-  Jw,  LbI 

P.’a  ♦  Jw.Ld’2 

V  z 

where  Ld  =  Ldi+Ld2i 


Making  some  algebric 
equations  of  current  li  e 


transformations  in  equations 
Iz  (  XI  e  X2  respectively)  are: 


(5), 


the  state 


■  Ui  +  Ld  -  L.1 

■xi] 

■  -Rl  O' 

-  L«i  Lji.1  +  L’ d2 

.  ’'2 

0  -R'  2 

and: 


rxi] 

r  An 

A12  1 

Xl' 

!  I 

r  Bii' 

■  Vl' 

• 

. 

L 

L 

A22  J 

X2 

i 

[B2,J 

0 

where  the  matrix  "A"  is  the  inverse  inductances 
the  resistences  loatrlx. 


XI 

'  Vl  ' 

+ 

xz 

0 

C6) 

matrix  multiplied  by 
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From  the  Dech.'iLnlcai  equation  (2),  the  state  equations  of  displacement 
(x3)  and  speed  (xil  are  obtainned  as: 

r  X3  •  X4 

I  x«  -  1/M  .(Fe  -  F«  -  B.X4) 

The  mechanical  force  (Fm)  is  given  by  the  sum  of  all  foicss  due  to 
springs.  In  order  to  solve  the  state  equations,  the  4th  order  Runge-Kutta 
method  is  adopted  for  the  numerical  integration.  When  the  state  variables 
are  obtainned  by  this  method,  all  the  others  variables  of  the  structure 
are  easily  avaluated,  defining  completely  the  devices'  dynamic  behaviour. 


RESULTS 

The  methodology  is  applied  to  a  Lest  case.  Figure  3b  shows  the  flrx 
distribution  when  the  ring  is  current  fed  ,  in  order  to  obtain  the 
inductances  Ldz  and  Lnz.  Fig.  3a  shows  the  flux  distribution  when  the 
coll  is  fed,  and  the  Inductances  Ldi,  Ldei  and  Lmi  are  evaluated.  In 
figure  4,  the  transient  current  is  shown.  Figure  S  presents  the  resultant 
force  for  steady  state  showing  without  doubt  that  it  has  never  a  null 
value.  The  experimental  results  have  a  good  agreement  with  the 
theoretical  ones,  as  far  as  closing  time,  transient  and  permanent  current 
and  finally,  forces  are  concerned.  It  is  interesting  to  note  tl»t  this 
process  is  an  important  tool,  as  far  as  design  of  contactors  is  concerned. 


Fig.  3a  Flux  Distribution 


Fig.  3b  Flux  Distribution 
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Fig.  4  Transient  Current 


CONCLUSION 

Although  AC  contactors  are  well  known  and  widely  used  devices,  their 
analysis  Is  complex,  because  electrical  and  magnetic  phenomena  are  coupled 
and  few  papers  deal  with  this  subjec.  In  this  work  a  dynamic  analysis 
method  for  AC  contactor  Is  presented.  To  achieve  this  goal,  FE  method, 
mechanical  equations  and  phasor  analysis  are  used.  The  results  are 
consistent  with  a  test  case.  We  estimate  that  this  method  can  be  useful! 
for  performance  evaluation  of  this  kind  of  equipment. 
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ABSTRACT 


In  this  paper.-  the  odily  current  distribution  and  lassos  in  the  core  plate  of 
non~aagno tic  steel  aaterlal  at  a  largo  power  Iransfutaei  have  been  analysed.  This 
paper  also  discuss  how  the  strength  of  the  eddy  current  deBagnetizing  effect  and 
the  aagnitude  of  the  resistance  of  the  eddy  current  path  both  Influence  the  eddy 
current  loss  of  the  non  Bagiietic  conducting  plate.  The  problen  to  Unii  the  local 
overheating  caused  by  these  losses  has  been  touched  on.  ExperiBonts  have  been  pei' 
forned  on  saall  lodel  plates  to  exaalnc  the  analyses. 

INTRODUCTION 


Leakage  flux  prublea  becoaes  Bore  and  BOre  serious  as  the  rating  of  power 
Iraasforacr  Increased.  Leakage  flux  induces  eddy  currenl  In  aelal  structural 
coapunenlsi  thus  generates  additional  lasses.  Althouyh  eddy  current  lasses  soae- 
tlaes  are  of  Insignificant  aagnllude  as  coapared  with  the  total  losses,  but  in 
severe  cases,  it  aey  cause  excessive  overheating  and  lead  to  perfuraance  failure. 
Ill  this  paper,  eddy  current  loss  on  core  Plate  due  to  winding  leakage  flux  has 
bean  taken  Into  consideration. 

Papers  froa  different  investigators  xl.  2. 3.  4.  5.  b>  7/  are  helpful  in  showing 
different  ways  of  aatheaatlcal  foraulatiun.  using  aagnetlc  vector  potential  A  or 
electric  vector  potential  T  to  describe  eddy  current  phenoaena  at  power  fre¬ 
quency.  As  well  known.  A  Is  defined  as  a  flux  describing  function,  and  T  is  de¬ 
fined  as  a  current  describing  functlun.  As  aagnetlc  flux  passes  through  not  only 
ferroaagnet Ic  part  but  also  non-aagnellc  part  of  the  space,  while  conducting 
current  flows  oniy  In  conductor.  Evidently,  to  describe  eddy  current  Probleas. 
T  foraulatlon  has  the  advantage  of  Halted  aiea  over  A  foraulatlon  and  Is  also 
Bare  convenient  to  specify  boundary  condition  In  certain  situation. 

Fur  these  eddy  current  Probleas.  potential  functions  and  field  quantities  are 
liae  variables,  but  at  puwei  frequency  and  In  sinusoidal  steady-state  circua- 
stances.  the  dlspLaceaenl  current  can  be  Ignored,  while  llae  variables  can  be 
expressed  by  phisors  to  ellilnate  the  tlae  factors. 

In  this  paper,  the  distribution  of  winding  leakage  (lux  over  tue  core  plate 
has  been  calculated  with  aagnetlc  vector  potential  A  In  the  axlsyaaelrlc  systea. 
and  the  eddy  current  distribution  and  loss  in  the  core  plate  have  been  calculated 
with  current  vectur  potential  T  In  the  rectangular  coordluates  systea. 


WtNDlND  LEAKAGE  FLUX  DISTRIBUTION 
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Calculation  Model  and  Fornulitlon 


To  calculate  the  winding  Itakage  dux 
dUtrlbutlon  over  the  core  plate  of  a  three- 
phase  transforMr<  only  a  single  Phase 
winding  Is  taken  Into  consldrratiojb  with 
the  Interference  aaong  phases  neglected.  The 
curreul  flowing  In  the  phase  winding  Is  as- 
suaed  to  be  In  the  &  direction*  then  the 
winding  current  densltyi 

Js  =  Jsp?*.  Jsr  =  Jsz  =  • 

and  the  ■agnetlc  vector  potential  Ai 

A  =  A»?.  Ar  -  Az  =  0 

The  calculation  dosaln  way  be  slnpllfled  as 
axlsyaaetrlc.  (see  llg.  1) 


1.  Core  2.  Cora  place 
3.  Clamping  clement 


In  the  steady  state  , alternating  field* 

the  conplex  potential  An  satisfies  the  Fig. 1.  Distribution  of  the 

diffusion  aguatlon*  It  Is  expressed  asi  llndlng  leakage  Flux 


I E?  — a^]  1(7  ^)  ~  ~ 

where  xc  and  u-  represent  the  petneablllty  and  the  conductivity  respectively. 

Let  A»  =  l/rCrAfr  )  =  1/r  lb  Mt  -M.'  and  Or’ 

Eguatlon  (11  turns  Intoi 


Eguatlun  (2)  Is  usod  to  analyse  the  eddy  current  problens  In  the  axlsyaaetrlc 
cooidlnales  syslea. 

The  bonadary  coadltloas  of  the  calcutatiua  doaala  arei  (see  Fig. 1) 

II  =  llo  on  the  boundary  line  of  aa 

(J1 

dii/gn  =0  on  the  other  parts  of  the  boundary 


It  is  known  that  the  boandary  value  prohtea  of  equation  (2>  end  C3>  are 
equlvalanl  to  the  variational  problem 


Sli  U  =  Uo 


By  finite  elenent  aethod*  the  doaalnxi. under  lavestigatlon  Is  subdivided  Into 
a  set  of  triangular  eleaents.  Vlthln  each  eleaent*  the  potential  U  Is  approxlaated 
by  linear  Interpolation  function.  The  approxlaate  solution  to  equation  (41  Is  a 
set  of  nodal  potential  values*  and  in  each  eleaent*  potential  t'  Is  taken  by  linear 
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interpolation  froa  the  vertex  polentiat  vnlues*. 


The  laSnetic  field  slrea9tii  U  of  each  eleseots  can  be  calculated  byi 


(5) 


H  Mill  be  unifora  in  each  elenont  for  the  linear  intcrpolalioo. 

The  Distribution  of  WlnJlnB  leakaBe  Flux  Over  the  Core  Plate 

According  to  the  specific  situation  of  the  core  plate>  Minding  leakage  flux 
exert  noraal'y  on  the  core  plale>  its  tangential  conponents  are  negleglbl><.  The 
curve  'c'  on  Fig.  1  shoNS  the  Magnetic  field  strength  Ho  of  the  Minding  leakage 
flux  distributing  noraully  along  the  height  of  the  core  plate,  it  is  seen  that  the 
Ho  has  a  aaxiaui  value  corresponding  to  the  height  of  the  Minding  tcrainal.  This 
is  agreeable  ui th  the  theoretical  analysis. 

EDDY  OIRRENT  AND  LOSS  IS  THE  CORE  PLATE 


Application  of  Current  Vector  rptential  T 

The  aagnetic  field  strength  Ho  of  the  Minding  leakage  flux  distributes  nor- 
aally  over  the  surface  of  the  core  plate.  Take  this  noraal  direction  as  tho  z 
dlrecilon  of  a  rectangular  coordinate  systea.>  then  xe  have  Ho  z'-Hz  zt  Furthar- 
aare>  pul  the  plane  of  tho  core  plate  in  Parallel  Mith  the  x-y  plane  at  <hat 
rectangular  coordinale  syslea.  As  the  thickness  of  the  core  plate  coaPared  uith 
its  plane  dlaensiofls  is  rather  saatl.  The  Induced  eddy  current  density  it  ha.s  only 
tMo  coaponentsi  Te  =  JexPe  Jey  P.  Tho  eddy  current  floMS  parallelly  to  the  plane 
of  the  plate.  This  Is  a  two  diaension  eddy  current  problca^  only  single  conpunent 
Tz  is  needed  for  the  calculation  purpose. 

Phusor  tz  satisfies  the  boundary  value  problea  expressed  as  follOMsi 

f  a  I  \  3T\  ,  d  1 1  3r\  .  ~ 

^  .Sli  t  -  1).  (T) 

Mhere  subscript  z  oaitted<  and  the  boundary  condition  SI  is  according  to  the  fact 
that  the  equlpotential  lino  of  Tz  represents  the  eddy  current  line  in  the  x^y 
plane.  Since  there  Mill  be  eddy  current  floulng  along  the  perlaeter  of  the  plaie< 
the  perlaeter  of  the  plate  is  an  equlpotential  line  of  Tz. 

Fqu.(6)  has  the  sane  fora  as  that  of  equation  (2)^  it  can  be  calculated  in 
the  saae  Banner  as  equation  (2)>  Mith  (be  general  coeputer  progrta  cuaplotcii. 

Analyses  of  Eddy  Current  Loss  on  Hodel  Plate 

The  loss  In  the  conductor  per  unit  voluae  caused  by  eddy  current  de.icity  je 
Bay  be  expressed  es  i 


Evident ly>  only  ahen  E  aaintains  constant/  the  lose  of  .he  condacio-  decreases 


with  the  Increase  In  the  resist Ivlti^.  Bul>  practlctiUy>  when  the  applied  field 
strenSth  Ho  Balntains  constants  E  will  hr  chanfled  as  eddy  current  chaiiges>  since 
the  deaaanetizlns  effect  of  eddy  current  aay  counteract  the  applied  field  srenBth 
to  a  certain  extent.  Therefore)  the  eddy  current  loss  In  conductor  Is  Influenced 
by  both  the  resistance  of  the  eddy  current  path  and  the  deaagnetlzlng  effect  of 
the  eddy  current  applied  aagnetlc  field  strengh  Ho  reaalns  stable. 


For  exanpU)  there  are  three  plate 
conductors  with  the  sane  length  of  dSO  aa 
and  the  different  width  of  ZQOi  IQQ  and 
20  a  respectively.  They  have  the  saae 
peraeablllty  of  Me  and  their  resistivities 
are  varying  according  to  the  label  of  the 
horizontal  axis.  Calculation  has  been  per- 
foraed  by  assualng  that  they  are  under  the 
saae  stable  nd  unlfora  aagnetlc  field  of 
Bo  c  dSO  (IS  which  penetrating  noraaily  to¬ 
wards  those  conducting  plates. 
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Fig.  2.  Losses  against 
resistivity  p 


The  curves  of  the  eddy  current  losses 
against  the  resistivities  fioa  calculation 
results  are  shown  In  Flgue  2  .  Every  curve 
has  a  aaxlaua  loss  Fa  and  n  corresponding 
resistivity  Pe  .  Each  curve  can  be  divided 
Into  two  parts  at  the  point  Pa.  The  left 

Part  of  the  curve  aay  be  considered  as  the  region  affected  aainly  by  doBJignallzlng 
effect  of  the  eddy  current/  naaed  'L  region'.  The  right  part  of  the  curve  uay  be 
considered  as  the  region  affected  ailnly  by  the  resistivity  of  the  eddy  current 
path/  naaed  'R  region'.  These  curves  show  that  the  saallei  the  tildih  of  the 
plate  Is'  the  greater  R  region  end  the  saaller  L  region  will  he. 


To  decrease  the  eddy  current  loss  at  a  plate  conductor  /  we  ran  uake  slots  in 
the  plate.  As  the  slots  are  longer  and  the  distance  between  slots  is  shorter/  It 
Is  acre  possible  to  transfer  the  characteristic  frou  L  regloi  to  R  region/  und 
also  to  decrease  the  eddy  current  toss. 


Local  Over-Heat Ing  Froblei 

According  to  the  foraor  discussion/ 
It  Is  seen  that  we  can  reduce  the  eddy 
current  loss  by  asking  slots  on  the 
plate.  At  the  saae  Uae  we  should  pay 
attention  to  avoiding  local  overheating 
on  the  plate. 

By  calculation/  we  find  that  when 
slots  has  been  aede  to  transfer  the 
characteristic  frea  L  region  to  R  region/ 
the  decreasing  rates  of  the  loss  are  not 
slauUaneous  with  the  decreasing  rate  of 
the  aaxlauB  current  density.  The  eddy 
current  loss  and  the  boxIbub  eddy  cur¬ 
rent  density  against  the  length  of  the 
slot  on  a  plate  conductor  working  at  R 
region  are  plotted  In  Fig. 3/ In  which/  Fo 


Fig. 3.  I — Eddy  current  loss 

2 — Maxlaua  eddy  current 


and  Jo  Indicate  the  eddy  current  loss  and  the  ■axlaua  eddy  current  denslty> 
respectively)  of  the  plate  vilthout  slot.  Fig.  3  shows  that  only  when  the  length  of 
the  slot  Is  greater  than  33  the  laxiauw  eddy  current  density  will  he  lower  than 
Jo.  This  Is  the  case  caused  by  the  unlforn  applied  external  field.  When  the  ap¬ 
plied  field  is  not  unlfarb  the  slot  should  be  ude  Passing  through  the  spot 
where  laxiiua  applied  field  exisls. 


Eddy  Current  Dlslrlbution  and  loss  on  the  Core  Plate 


The  non-aagnetic  steel  cure  plate  has  the 
peraeabllily  of-w -<1"3 ).u»  and  the  resistivity 
P-7.1  E-7-n..B.  The  winding  leakage  flux  dis¬ 
tribution  along  the  heightc  length)  of  the  coie 
plate  has  been  shown  in  Fig. I  by  curve  'c'. 
This  leakage  flux  causes  eddy  current  Induced 
in  the  core  plate.  The  distribution  of  eddy 
current  over  one-fourth  of  each  plate  is 
shuwji  In  I'lg.  I  The  core  Plate  shown  in  Fig. 4 
(a)  hus  two  slolS)  <b)  has  one  slot  and  <c) 
without  slot.  The  eddy  current  loss  of  plate 
(a)  Is  2117  w.  '  plate  <b)  is  33  2  w.  end  plate 
<c)  Is  424  w.  It  shows  that  these  plates  are 
all  working  li[  the  L  region.  It  iaplies  that 
there  should  be  have  ware  slots  on  the  plale> 
so  as  to  shift  the  plate  working  fma  L  legioii 
to  K  regl.n  and  to  reduce  the  eddy  current 
loss  effectively. 


Fig.  4.  Distribution  of 
eddy  currents  In 
core  plates 


NODEb  HXFERIMENTS  FOR  lllENTIFItATlON 

The  principle  diagram  of  (he 
cxperlacnt  is  shown  la  Fig. 3.  The 
syabul  'll'  refers  to  an  insUlta- 
llon  for  producing  aagncilc  field. 

Whim  tlie  current  passes  through 
the  winding)  an  unlforn  aagnetlc 
field  will  bn  produced  in  the  gap. 

^  plate  conductor  saapie  'b'  is 
placed  in  the  gap.  Uy  thls<  the 
eddy  current  loss  of  the  plate 
conductor  can  be  tested. 

The  Experlaeiital  and  Ualculaled  Re 

The  experluental  results  and  the  raUulated  results  of  the  eddy  current 
losses  of  two  48lix2UxlI  aa  alunliiua  plates  aatih  quite  well  us  shown  in  Flg.b.  The 
plate  (a)  is  williuul  silt,  anil  the  plate  (b)  Is  with  one  silt.  The  loss  in  plate 
tb)  decrease  cvldenHy  slurs  there's  a  sUI  on  it.  It  sliuws  that  the  cliaracleris 
tics  of  these  pl.nlcs  are  under  the  R  region. 


Fig.  5.  I’rlnciple  iliagran 
fur  experiauni 


Another  experiaenl  has  been  perfuraed  on  three  Pieces  of  aiuainua  plate 
which  hbve  the  saao  diaenslons  uf  480x44x11  aa.  The  first  plate  is  without  slot, 
the  second  one  with  one  slut  and  the  thlid  one  with  three  sluts,  The  losses  of 
these  three  plates  against  the  unifors  Eagnatic  flux  density  arc  plotted  in  Fig. 5. 
It  shows  the  loss  of  the  second  one  is  greater  than  that  of  the  first  one.  and 
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the  loss  of  the  third  one  Is  less  then  that  of  the  first  one.  It  Is  shown  that  the 
first  one  Is  under  the  L  re8laa>  and  the  second  one  still  woiklnu  under  L  region. 
The  characteristics  of  the  third  one  have  been  transferred  froa  L  region  to  R  re¬ 
gion.  and  the  loss  Is  reduced.  The  experlaentat  results  colnslde  with  the  analy¬ 
tical  results  discussed  foraerty. 
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Pig.  ].  Eddy  current  losses 
in  plate  conductors 


CONailSIOSS 

Adopting  naa-aag.ietlc  steel  aalerlal  for  core  plate  of  a  large  power  trans- 
foraer  can  Halt  the  eddy  current  losses  and  avoid  local  over-heat  lug  to  a  great 
extent. 

In  case  of  the  applied  aagnetlc  field  source  reaain  in  hanged. When  neglecting 
the  deaognetlzlng  effect  of  the  the  eddy  current,  losses  are  Inversely  pi'0P'<t- 
llonat  to  the  resistance  of  the  current  path.  But  through  practical  calculat  n> 
the  results  si  m  that  even  for  non-aagnellc  steel  aaterlal.  the  denagiiet Izlng 
effect  of  the  ei.dy  current  could  not  be  neglected.  So.  how  the  variation  of 
resistance  Influences  on  the  tosses  should  be  known  froi  calculation  results. 
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ABSTRACT 

This  paper  proposes  some  ideas  of  engineering  resolvability  technique  of  large  engi¬ 
neering  3D  eddy  current  probleas  through  solving  a  sigple  electrical  engineering  aodel"^ 
for  evaluation  of  power  loss  in  steel.  The  engineering  application  of  TEAHed  (tested  by 
TEAM)  codes  Will  bo  specially  erophasiaed. 

! .  EtllUNEERIHG  FIELD  PROBLEMS  AND  HiGIMING  SfflJlTIDH 

In  electrical  engineering  engineers  often  encounter  various  kinds  of  engineering 
field  probieius,  especially,  including  electroniagnetic  field  probleuB,  the  major  difficult 
points  of  those  problems  are  that:  very  large  size  and  complex  geometry  of  solved  region 
with  multi-materials.  The  Daximun  size  of  solved  region  may  be  more  than  10  metres,  but 
the  Donotration  depth  is  very  small  in  steel  parts  of  electric  machinery,  in  general, it 
may  be  less  than  3  mm,  the  finite  elements  should  be  enough  fine,  thus  the  application  of 
3D  electromagnetic  softwares  will  be  stemmed  from  too  large  computer  storage  and  CPU  time. 

In  engineering  design  a  series  of  performance  parameters  of  products  will  be  deter¬ 
mined  by  aided  field  analysis.  Unfortunately,  engineers  can  not  find  out  exact  solutions 
of  complex  3D  nonlinear  eddy  current  problems. 

Ve  have  proposed  an  idea  of  engineering  solution  of  engineering  probleise'^"^.The  main 
characteristics  of  enginecrir,g  solution  may  be  described  as  follows:  the  confirmable  and 
stable  error  extent,  the  lower  computing  co.st,  and  the  favorable  usability. 


^Recent  years. TEAll  workshops  have  proposed  and  foolved  successfully  13  benchmark  prob- 
1hbs^’°^,  many  excellent  3D  codes  have  been  imide'*"^*’.  All  these  effectively  push 
forward  the  development  of  3D  eddy  current  analysis.  However,  the  benchmark  problems  are 
far  from  large  engineering  eddy  current  problems.  Authors  propose  an  idea  of  engineering 
TEAM  for  the  sake  of  showing  the  differences  with  TEAM  workshop  of  solving  benchmark  pro- 
blesK. 

As  we  know,  the  aim  of  benchmark  TEAM  is  to  test  cleclromagneUc  analysis  methods, 
beyond  doubt,  doing  those  tests  in  simple  models  is  a  best  way.  TEAMed  codes  provide 
useful  tools,  while  engineering  TEAM  ingeniously  uses  those  tools  to  solve  large  engi¬ 
neering  problems,  and  develops  various  practical  analysis  techniques,  including  making 
usable  3D  eddy  current  codes,  and  checks  their  engineering  usability. 

In  eijjineering  TEAM  the  proposed  test  problems  will  be  based  on  typical  engi¬ 
neering  background,  the  developed  resolvability  techniques  will  be  directly  u^  in  aided 
analysis  of  products.  It  will  aim  at  the  engineering  application  of  electromagnetic  ana¬ 
lysis  softwares. 


As  above, to  solve  a  large  engineering  field  problem,  the 
reasonable  assumptions  to  make  the  problem  resolvable'-®’,  and 


first  thing  is  to  do  the 
to  choose  the  most  practi- 
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cal  approach.  The  brief  review  of  engineering  resovability  techniques  is  as  follows: 

1)  Simplification  from  3D...ta.2D 

Most  of  electrical  engineering  field  prob lens  are  real  three  diciensional,  nonlinear 
and  transient.  In  some  cases, 3D  engineering  field  problcias  have  apparent  2D  field  charac¬ 
ter!  sties,  thus  one  can  make  some  reasonable  assumptions  and  define  a  solvable  2D  model. 
For  example,  the  leakage  flux  field  of  largo  power  tranforincr.  obvioushv,  is  a  3D  non¬ 
linear  eddy  current  problem,  but  if  you  only  want  impedance  parameters  of  transfoi  mers 
then  2D  software  can  provide  good  results,  in  this  case,  3D  field  analysis  is  not  mxros- 
sary. 

Moreover,  Engineer's  experiences  have  shown  that  using  3D  finite  cdeinent  software 
with  coarse  meshes  the  computing  results  usually  may  be  not  better  than  tliat  of  2D  crxjus. 
Nowadays,  any  2D  engineering  electromagnetic  field  problem  can  be  solved  without  any  di¬ 
fficulties. 

It  does  not  imply  that  2D  code  can  solve  any  engineering  field  problems. 3D  softwar'cs 
have  to  be  used  to  solve  those  special  3D  field  problems. 

2)  Local  .solvability  processing  of  3n  field  problems 

The  local  solvability  prwxxrssing  of  3D  field  problems  moans  that  doliinitting  a  .sub- 
region  from  the  whole  solved  region,  it  can  be  called  as  resolvable  domain  solving  by 
TEAlfed  codes,  the  rcquii'mcnts  of  computer  storage  and  CPU  time  ran  be  substantial  ly 
reduced. 

The  influnce  from  the  regions  outside  the  resolvable  regarded  domain  can  be 
determined  by  some  simplified  analysis  techniques,  this  part  can  lx?  regarded  as  influnce 
domain.  Tlie  external  influnce  on  resolvable  domain  can  be  applied  in  different  ways.  An 
applied  term  appearing  in  governing  equations  is  the  most  simple  way. 

In  electrical  enginoecring  the  evaluation  of  power  losses  and  its  distribution  in 
steel  parts  is  an  important  problem  to  design  lower  loss  products  without  local  ovorhoat- 
Ing. 

Tbc  difficult  points  of  those  problems  arc  that  the  planar  sige  of  the  steel  parts 
is  very  largo,  however,  the  penetration  depth  is  very  small.  For  instance,  the  thickno.ss 
of  steel  tank  of  transformers  is  10  mm,  it  is  near  5  times  of  penetration  depth,  if  Uio 
whole  solved  region  are  analysed  by  any  3D  current  code  based  on  FEM  then  the  steel 
tank  region  Iwvo  to  be  divided  into  4  to  5  layers  for  getting  accurate  results  of  eddy 
current,  so  the  computing  cost  will  bo  very  largo.  Fortunately,  engineers  have  found  some 
practical  approach  or  use  some  modified  experiment  formulas  after  getting  magnetic  flux 
density  outside  the  steel  plate.  The  researchers  have  developed  some  feasible  approach, 
for  example,  using  the  surface  impedance  element  raethods'^'^  to  modelling  the  thin  pene¬ 
tration  problems. 

4)  Coupled  field-circuit  approach 

A  large  power  transformer  and  generator  is  an  element  of  electrical  system,  deter¬ 
mining  a  resolvable  field  problem  of  electric  machinery  will  relate  to  electric  and  wig- 
netic  parameters  obtained  from  electric  and  magnetic  circuit  theory,  especially,  for 
reverse  problems. 

For  example, the  overfluxing  problem  of  large  power  transformers,  connecting  to  a.c 
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voltage  source, is  difficut  to  solve  exactlly  by  only  field  analysis  because  the  exciting 
current  is  not  knovm  beforehand. the  coupled  field-circuit  approch  shuld  be  used.  For 
more  conplicat^  enginering  probleins  the  coupl^  experiaent-analysis  methods  have  to  bo 
used,  i.e. ,  simulation  test  or  product  test  provide  necessitated  data  for  doing  further 
field  analysis. 


'fhe  design  of  the  3D  eddy  current  model  is  based  on  typical  power  loss  problems  in 
transformers. It  consists  of  two  air-core  coils  with  the  same  number  of  turns  and  the  same 
dimensions  in  which  the  a.c  exciting  currents  flow  in  opposite  directions,  the  role  of 
exciting  coils  is  to  provide  an  applied  field  only.  A  steel  plate  of  10  mn  thick  is  pla¬ 
ced  parallelly  to  the  coils  as  shown  in  Fig.l. 

The  aim  of  this  modelling  is  to  calculate  the  distribution  of  30  eddy  current  and 
eddy  current  losses  in  steel  plate,  to  check  the  engineering  usefulness  of  3D  cu¬ 
rrent  codes  made  by  authors,  finally,  to  attempt  to  find  out  practical  engineering  com¬ 
puting  methods  used  in  aided  analysis  of  products,  This  will  be  demonstrated  through 
solving  the  simple  problem. 


This  is  a  3D,  nonlinear,  single  connected  eddy  current  problem.  It  can  be  .solved  by 
varied  kin^  of  TTiAMud  codes,  this  model  provides  a  possibility  that  the  distribution  of 
3D  eddy  current  in  steel  plate  can  be  analysed  in  detail.  The  initial  analysis  results 
using  3D  eddy  current  code  based  on  T-V  approach  with  coarse  meshes  have  been  shown  in 
Fig, 2(a).  Fig. 2(b)  shows  another  distribution  of  eddy  current  to  verify  the  3D  code,  in 
tliat  test  example  the  same  applied  magnetic  fields  arc  perpendicular  to  the  steel  plate 
anywhere . 

The  different  schemes  of  the  solvable  models  have  been  sliown  in  Fig. 3  (a)  and  (b)  to 
indicate  the  dealing  with  the  external  influnce  in  different  ways.  In  Fig. 3(a)  the  solved 
region  includes  the  exciting  coil,  but  Fig. 3(b)  shows  that  the  influnce  of  cxcitinB  coils 
was  replaced  by  an  applied  ixirra. 


In  this  model  the  regular  coils  and  the  thin  steel  plate  placed  parallelly  to  the 
coils  show  the  evident  characteristics  of  2D  field,  so  it  can  be  approximately  calculattxl 
using  2D  software, the  2D  model  lias  been  shown  in  Fig.  4. 

To  confirm  the  accuracy  of  field  analysis  in  different  ways  authors  have  done  2D 
analysis  using  both  2D  FEM  code  and  Image  modelling  program,  those  2D  analysis  results 
have  been  shown  in  Fig. 5. 


The  tesitlng  model  has  been  made,  the  measurement  of  power  loss  in  steel  plate  is  di 
fficult,  because  the  total  power  losses  stored  in  both  exciting  coil.s  and  steel  plate, de¬ 
termination  of  the  losses  generated  only  in  steel  plate  and  the  local  power  losses  should 
use  some  sptxnal  experiment  technique  which  will  be  further  developed. 

The  measurement  results  of  magnetic  flux  density  at  specified  points  have  been  shown 
in  Fig. 6. 
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The  engineering  resolvability  technique  of  large  eddy  current  problem  will  be  fur¬ 
ther  developed,  an  idea  of  engineering  TEAK  has  been  proposed  by  authors,  it  is  expected 
that  engineering-oriented  analysis  technique  will  be  effectively  used  in  electrical  en¬ 
gineering. 
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(a)Engineering  .odel  Applied  field  by  coils  (b)  Test  .ode 1 

Fig. 2  Distribution  of  3D  eddy  current  in  Uie  steel  plate 
(ifie  thickness  of  steel  plate  ws  enlarsed) 
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PLo_j  3L  analysis  schemes 
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ABSTRACT 

Frequency  domain  scattered  fields  are  computed  using  the  Method  of 
Moments  (MOM)  and  the  Geometrical  Theory  of  Diffraction  (GTD) .  An 
inverse  Fourier  transform  is  used  to  obtain  the  time  domain  field. 

The  NEC  code  from  Lawrence  Livermore  Labs  was  used  for  the  MOM 
computation,  and  the  Basic  Scattering  Code  (NEC-BSC)  from  Ohio 
State  University  was  used  ror  the  GTD  computation.  A  comparison  of 
these  frequency  domain  results  shows  agreement  when  typical 
guidelines  for  the  use  of  these  two  approaches  are  met. 

The  radiating  source  is  a  horizontally  polarized  infinitesimal 
dipole  source  over  ground.  A  fence  in  front  of  the  source 
bac)<scatters  electromagnetic  energy  to  an  observer.  The  fence  is 
modeled  somewhat  differently  in  the  two  models.  The  MOM  fence  mode) 
consists  of  three  horizontal  wires,  and  the  GTD  fence  model  is  a 
single  flat  plate.  The  models  v;ere  designed  for  a  switch  from  the 
MOM  to  the  GTD  method  at  a  radian  frequency  of  Ci)=10®,  corresponding 
to  the  smallest  dimensions  of  interest.  The  GTD  model  thus  provides 
accurate  scattering  results  for  frequencies  higher  than  (0=10®  wliile 
the  MOM  fence  model  is  designed  to  be  accurate  below  0^=10®. 

The  near  field  options  of  the  codes  were  used  to  compute 
bacjcscattered  energy  reaching  the  observer.  Both  models  should  be 
accurate  close  to  ai=10®,  and  in  fact  the  magnitude  plot  shows  the 
best  agreement  from  ej)=lxl0'*  to  1.5x10“.  The  phase  plot  shows  good 
agreement  from  about  0.8x10“  to  1.8x10“.  At  low  frequencies  the  GTD 
results  deteriorate  and  show  erratic  spikes. 

An  inverse  Fourier  transform  is  used  to  convert  the  wide  bandwidth 
frequency  domain  scattering  transfer  function  into  the  time  domain 
with  weighting  of  the  frequency  domain  components  by  tlie  incident 
pulse  spectrum.  The  resulting  time  domain  response  shows  the 
resolution  obtained  using  this  approach. 
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iilocL  romaqtiotic  tiuldn  qi.-i'.ci  atod  by  liMl’  siniuKiLot:,  !  h.iL  t  I'.idi 
.'iubuiban  communitios  have  riicontly  abt.  i  acuud  rnuili  at’ ftit.  •  on  .  Out' 
mebliod  for  1  imif  inq  Lbese  fields  is  by  the  use  of  t  id  ieet  iiiq  and 
dittraotinij  tonecs.  This  study  deals  with  the  use  of  computer 
moaols  to  determine  the  EMP  fields  In  the  pr  er.i'nei!  of  simple 
configurations  of  fences. 

This  paper  demonstrates  the  use  of  frequency  domain  computer  code : 
tor  solving  this  time  domain  pulse  scattering  problem.  Scattered 
fields  including  diffraction  are  computed  using  the  Method  of 
Moments  (MOM)  and  the  Geometrical  Theory  of  Diffraction  (GTD) .  The 
NEC-MOM  code  (Version  2)  from  Lawrence  Livermore  Labs'  was  used  for 
the  MOM  computation  and  the  Basic  Scattering  Code  (NEC-BSC)  from 
Ohio  State  University'  was  used  for  the  GTD  computation. 

Out  investigation  describes  the  time  domain  solution  for  a 
particular  geometry,  and  also  compares  the  NEC-MOM  with  the  NEC-BSC 
results  in  the  frequency  domain.  A  number  oi  other  fence  geometries 
and  observer  positions  have  also  been  modeled  using  the  NEC-MOM  .  id 
NEC-BSC  codes’.  Time  domain  measurements  made  on  a  scale  model  of 
a  fence^  compared  well  with  computer  calculations  using  an 
algorithm’  similar  to  che  one  described  in  this  paper. 

GEOMETRY 

One  major  asset  of  the  NEC-MOM  and  NEC-BSC  codes  is  the  wide 
variety  of  3D  geometries  that  can  be  modeled.  The  geometry  selected 
for  this  presentation  is  shown  in  Figure  1.  The  purpose  of  the 
fence  is  to  reduce  the  magnitude  of  the  electromagnetic  field  in 
the  suburban  region,  designated  as  the  “far  field"  in  Figure  1, 
while  minimizing  the  effect  of  the  fence  on  the  waveform  in  the 
region  labeled  "test  point".  This  paper  describes  the  field  at  the 
test  point  in  both  the  time  and  frequency  domains.  Reference  3 
describes  additional  time  domain  results  at  numerous  field  points 
on  both  sides  of  the  fence  and  for  several  fence  geometries. 

The  geometry  consists  of  a  horizontally  polarized  infinitesimal 
dipole  source  placed  20  ra  over  a  ground  plane  at  the  point  labeled 
"simulator".  The  fields  are  computed  at  the  observer  position 
labeled  "test  point"  which  is  50  meters  behind  tlie  source  and  5 
meters  above  the  ground.  A  45  degree  conducting  inclined  fence  is 
placed  iti  front  of  the  source  as  shown.  The  fence  crossection  is 
shown  in  Figure  1  since  the  fence  lies  parallel  to  the  dimension 
into  the  paper.  The  test  point  and  simulator  both  lie  in  the 
vertical  plane  of  the  drawing.  A  ground  conductivity  of  o  =  0.02 
mhos  and  ground  relative  dielectric  constant  of  e,  =  15  arc  used  in 
the  computations. 

COMPUTER  MODEL  DESCRIPTION 


The  NEC-MOM  code  was  used  for  the  lower  frequencies  of  the  pulse 
spectrum  and  the  NEC-BSC  code  provided  the  GTD  solution  for  the 
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higher  frequeneics .  Two  diflcrent  computer  Models  ot  the  same 
geometry  weic  thoroCorc  URod  lor  different  trcquency  ranges. 

The  radiating  source  in  both  eomputoi  models  i  r.  a  horizontally 
polarized  inf inii.esimal  dipole  .source  over  ground.  The  fence  is 
modeled  differently  in  the  two  models.  The  GTb  fence  model  is  a 
single  flat  conducting  plate  of  the  height  and  inclinat.ion  shown  in 
Figi re  1,  and  600  meters  long  (direction  into  paper).  Plates  wore 
not  used  in  the  MOM  model  since  that  code  requires  plates  to  be 
used  o.-ily  for  closed  'Surfaces.  For  MOM,  horizontal  wires  are  used 
to  model  the  fence.  This  MOM  fence  consists  of  16  horizontal  wires 
of  diameter  0.6  meters  spaced  2.83  meters  apart.  Each  of  these 
horizontal  wires  is  40  meters  long  (direction  into  paper)  and  is 
segmented  into  2  meter  long  segments. 

An  angular  frequency  of  <u=10®  is  selected  as  the  transition 
frequency  from  MOM  to  GTD  lor  thi.i  geometry,  based  on  the  physical 
dimensions  shown  in  Figure  1,  and  on  computer  run  time 
considerations.  .Since  the  higli  frequency  GTb  computer  model  runs 
350  to  600  times  faster  tiian  the  low  frequency  MOM  model,  it  is 
de:  ■ '  able  to  use  GTD  for  the  broadest  possible  iroquency  band  over 
whicn  it  yields  accurate  results. 

The  guidelines  for  the  use  of  the  two  codes  as  follows.  The  GTD 
code  is  most  accurate  when  all  dimensions  of  the  structure  are 
longer  than  approximately  one  wavelength.  The  distance  from  the 
source  to  the  fence  should  also  be  approximately  one  wavelength  or 
more.  The  distance  of  the  source  to  the  ground  is  loss  critical  and 
may  bo  less  tiian  a  wavelength.  The  smallest  dimension  of  the  fence 
is  tile  slant  lengtli  of  42  meters,  and  the  .source  is  14  meters  from 
the  fence  at  the  closest  point.  These  constraints  arc  approximate 
so  GTU  was  used  to  a  maximum  wavelength  of  20  meters,  which 
corresponds  to  frequencies  of  O)=10''  and  higher.  This  should  provide 
good  accuracy  comb.'.ned  with  minimum  computer  run  time. 

Tiie  MOM  fence  model  is  intended  to  be  accurate  below  about  co='10°. 
The  2  meter  segments  used  for  the  MOM  model  are  0.1  wavelengths  at 
W-10".  As  can  be  determined  from  Figure  2‘,  tlie  MOM  fence 
dimensions  given  above  should  limit  transmission  tlirough  the  fence 
to  -18  Db  of  the  incident  field  at  w  =  10“  and  to  less  tiian  -18  Db 
at  Irwer  frequencies.  Thus,  for  all  practical  purposes  the  wire 
model  of  the  fence  provides  an  excellent  representation  of  a 
perfectly  reflecting  surface  for  parallel  polarization. 

COMPARISON  OF  MOM  AND  GTb  RR5UI.TS 

The  near  field  optxons  of  the  codes  'Jcre  used  for  a  frequency 
domain  computation  of  the  direct  and  scattered  energy  reaching  the 
observer.  Figures  3a  and  3b  show  the  magnitude  and  phase  of  the  MOM 
and  GTD  results  in  the  frequency  domain.  These  curves  are 
nor.talized  to  the  field  that  would  be  present  at  the  observer 
pojition  it  the  same  source  were  radiating  into  free  space  (no 
eiound  or  lence)  .  Due  to  this  normalization  the  result.s  .shewn  In 
Figures  3a  and  3b  will  be  referred  to  as  the  frequency  domain 
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(angular  frequency)  in  MHz 


liaiister  function  T(co)  for  the  particular  geometry  and  observer 
position.  Also  shown  in  Figure  3a  is  the  magnitude  with  the  ground 
present  but  no  fence,  which  is  the  same  result  using  either  of  the 
tv/o  computer  codes  . 

The  MOM  and  GTD  models  should  both  be  accurate  close  to  Ci>=10®  as 
explained  above.  In  fact  the  magnitude  plot  shows  the  best 
agreement  from  u=^lxlO“  to  1.5x10“.  The  pihase  plot  .shows  good 
aqreoment  from  about  0.8x10“  to  1.8x10“.  At  low  frequencies  the  GTD 
results  deteriorate  and  show  erratic  spikes. 

CONVIIR.SION  TO  TIME  DOMAIN 

The  l.ime  domain  response  to  a  pulse  was  calculated  by  inverse 
Fourier  transforming  the  weighted  frequency  domain  transfer 
function  T(Cil)  was  weighted  in  the  trequcncy  domain  by  the 
frequency  spectrum  of  the  Incident  pulse  using  a  formula  typically 
used  to  describe  FMP  pulses’: 


K(t)  =  K„  (eKp(-pt)  -  oxp(-aL)l 

where  a  =  4  x  10"  and  p  “  6  x  10“ .  1500  values  tor  the  frequency 
domain  transfer  function  T «a)  shown  in  Figures  3a  and  3b  were 
computed  between  DC  and  o)  =  10'“.  500  ot  these  points  were  below  to 
=  10“  and  so  wero  obtained  using  MOM.  The  remaining  1000  point:s 
were  above  to  -  10"  and  so  wero  calculated  using  GTD. 

Curve  A  ot  Figure  4  shows  the  time  domain  field  for  the  geometry  of 
Figure  1.  Curve  D  is  the  incident  waveform  which  is  the  Held  which 
would  exist  in  the  absence  of  the  ground  or  lenco,  and  all  the 
curves  ate  normalised  to  t-.ho  peak  value  of  this  incident  waveform. 
Curve'  D  is  the  lield  with  no  ience  but  with  the  ground.  Curve  D 
Lheretore  does  not  show  peaks  and  minima  which  are  produced  by 
reiloctioi:  and  ditiraction  Iroin  the  fence.  Curve  C  is  the  field 
with  the  lence  and  ground  except  that  only  the  higher  frequency 
coKiponents  were  used;  the  lower  frequency  (MOM)  results  liave  been 
omitted  from  tlie  inverse  Fourier  transform. 

The  Lime  ot  arrival  of  each  ray  reflected  or  diffracted  from  the 
fence  is  sliown  by  Llie  onset  ol  eacli  large  ripple  in  curve  A.  These 
results  are  in  exeelleiiL  agreement  with  tlie  tlieoretleal  predictions 
using  ray  theory.  A  comparison  of  curves  A  and  C  shows  that  in 
curve  C  (only  high  frequencies  used,  no  MOM  results)  tlie  onset  of 
the  large  ripples  produced  by  dil fi act  ion  occurs  before  tlie  ray 
actually  arrives  at  the  observer.  It  is  clear  that  when  tlie  full 
siieetruin  is  not  used  the  time  domain  results  are  not  correct. 

This  worlr  was  supported  by  tile  Harry  Diamond  Labs  under  CoiiLruet  # 
dAA1.O(12-B/-C-0052  witli  Kohlberg  Associates,  Inc.  Mr.  Elliot  was  a 
eonsultauL  to  Kohlberg  Associates. 


Figure  4.  Electric  Hold  (or  point  lit  tost  voluino  50  m  trom  simulator  at  a  height 
o(  5  ni  (or  Inward  Inclined  (once 
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EVALUATION  OF  MODIFIED  LOG-PERIODIC  ANTENNAS 
FOR  TRANSMISSION  OF  WIDE-BAND  PULSES  • 

G.  J.  Burke 

Lawrence  Livermore  National  Laboratory 
P.O.  Box  6504,  L-156,  Livermore,  CA  94550 


Abstract 

Modified  forms  of  the  log-periodic  dipole  antenna  have  been  proposed  in  the  litera¬ 
ture  for  radiating  a  short  pulse  with  minimum  distortion  and  also  for  a  phase  response 
tailored  to  compress  a  linear  FM  pulse.  These  designs  are  reviewed,  and  the  antennas 
are  evaluated  by  numerical  modeling  with  the  frequency  domain  code  NEC.  Responses 
for  transient  input  signals  are  obtained  from  the  NEC  solution  by  inverse  trrmsfonning 
and  convolution.  Antennas  modified  to  obtain  a  linear  phase  characteristic  arc  seen  to 
be  efiective  in  transmitting  an  input  pulse  with  numnu.un  distortion.  Tire  antennas  for 
compressing  a  linear  Fl/i  pulse  are  somewhat  effective  bt.t  do  not  appear  to  work  as  well 
as  miglrt  be  expected. 

Introduction 

The  log-periodic  dipole  (LPD)  antenna  can  operate  over  a  very  wide  frequency  band, 
limited  only  by  mcclionical  constraints.  However,  the  antenna  introduces  significant  dis¬ 
tortion  when  radiating  a  transient  signal,  due  to  its  nonlinear  phasc-vcrsus-frcqucncy  re¬ 
sponse.  A  modified  design  has  been  propo.sc4  by  Yatskcvich  and  Fcdosciiko  in  [1]  to  reduce 
distortion  of  a  pulse  by  making  the  phase  ivisponsc  linear  or,  more  gcuerullj',  to  develop  a 
filter  characteristic  for  compressing  a  signal  sucli  as  a  linear  FM  pulse.  Some  results  from 
numerical  modeling  of  these  linear-phase  and  FM-compressiou  antennas  oi'c  presented  here 
to  evaluate  their  eifectiveness. 


Standard  LPD  auteuuau  are  constructed  as  an  array  of  parallel  dipoles  arranged  so 
that  their  ends  subtend  a  constant  angle  u,  es  shown  in  Figure  1.  The  lengths  of  successive 
dipole  elements  form  a  geometric  progression  with  scaling  factor  t  <  1,  so  that 


r„_i 


(1) 


The  dipoles  arc  fed  with  a  transmission  liuc  tliat  reverses  phase  between  each  pair  of 
dipoles.  Another  parameter  often  used  to  describe  a  LPD  antcmiu  is 


<r  — 


iiL 

2in 


coto. 


Thus  cr  is  the  distance  in  wavelengths  from  a  A/2  resonant  element  to  the  next  smaller 
dipole  in  front  of  it.  Values  of  a  are  typically  in  the  range  0.06  to  0.22,  with  t  in  the  range 
0.78  to  0.98.  Cartel  [2]  delcnnined  that  the  optimum  gain  for  a  given  r  occurs  with 


<T  w  0.22r  -  0.0335.  (2) 

Work  perfoEnred  aader  the  auspices  of  the  U.  S.  Department  ofKnergy  by  the  Lawrence  I.ivermore 
National  Laboratory  unde.'  Contract  W-7405-EHg-48. 
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The  transient  responses  of  LPD  antennas  shown  here  have  been  obtained  by  running 
the  frequency  domain  Moment- Method  code  NEC  [3]  and  then  inverse  transforming  and 
convolving  the  result  with  an  input  pulse  function.  In  the  NEC  model,  the  radiating  el- 
emenl.s  are  broken  into  small  segments,  and  the  mutual  interactions  of  all  segments  arc 
conrputed  to  form  an  interaction  matrix.  The  ideal  transmission  line  equations  me  applied 
tir  establish  a  r<dation  between  voilagi;  mrd  current  at  the  Irimsiuission  line  connection 
points  (using  TL  commands.)  The  combined  system  of  trmismission  line  and  electromag¬ 
netic  interaction  equations  is  then  solved  by  NEC  to  obtiiin  the  cuiTcnt  on  the  radiating 
elements.  Yatskevich  and  Fedosenko  lunployed  an  equivalent  method  described  in  [4]. 

LPD  antennas  can  also  be  modeled  directly  in  the  lime  domain  using  the  code  TWTD 
(5).  Since  TWTD  does  not  include  a  model  for  ideal  transmission  lines,  it  is  nccessiuy  to 
model  the  transnussion  line  wires  with  segments.  The  transmission  hue  is  placed  in  a 
plane  normal  to  the  phuie  of  the  radiating  elements,  and  the  elements  on  either  side  of 
the  antenna  connect  alternately  to  the  tup  or  bultoin  transmission  line  wire  to  obtain 
the  required  phase  reversal.  This  explicit  traiismissioii  line  model  more  closely  resembles 
the  way  that  LPD  antennas  are  tyiiiciUly  built  than  does  the  implicit  transmission  line 
model  in  which  the  dipoles  lie  in  a  l)lane.  However,  both  models  give  essentially  the  same 
results  through  the  operating  hand  of  the  uiitemia  for  typical  transmission  lines.  Transient 
responses  of  LPD  antennas  obtained  from  NEC  results  and  convolution  have  been  found 
to  agree  very  well  with  measurement.^. 

In  the  following  sections  the  designs  proposed  by  Yntskcvieli  and  Fedosenko  to  ratliatc 
a  pulse  with  minimum  distortion  and  to  compress  a  linear  FM  signal  arc  outlined  and  the 
transient  responses  ol)tained  from  NEC  ai-e  compaied  with  those  in  [1). 

The  Linear-Phase  Antenna  for  Pulse  Trausniission 

It  is  well  known  that  when  a  transient  signal  is  fetl  into  a  LPD  imtenna  the  radiated 
held  is  greatly  distorted  from  the  input  pulse.  Input  of  a  short  pulse,  such  us  a  Guussiiui, 
rosuU.s  in  a  down-chirp  radiated  field.  Yatskevicli  and  Fedosenko  note  in  [1]  that  this 
distortion  is  due  to  the  uoidlnuur  phase  response  of  tlie  standard  LPD  array.  With  the 
clement  luids  subtending  a  cuiutant  angle,  the  distance  in  wavelengths  of  a  resonant  A/2 
elemout  from  the  apex  is  constant.  However,  the  radiated  held  climiges  phase  by  tt  radiims 
when  the  fre(iuoucy  increases  by  a  factor  of  t  due  to  the  reversal  of  the  transmission  line 
between  elements.  Thus  the  phase  of  the  radiated  field  varies  as 

'/'(**')  =  —  hi(u>/u/i). 
m  r 

Yatskevicli  and  Fedosenko  modified  the  untcimu  to  produce  a  more  linear  ph.Tse  cliar- 
acteristic.  Tlie  resonant  frequencies  of  successive  elements  in  tlieir  antenna  are  rehite.d  by 
an  luitiinietic  progression  with  frequency  increment  &j,  us 

ui„  =0)1-1-  (n  —  1)^01;  Tj  =  1,2, . . . ,  iV 

witii  element  lengths 

4  =  fl/n  +  (n  -  l)fiai/w,).  (3) 
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Since  the  elements  in  their  antenna  still  subtend  a  constant  angle  a,  the  distance  of  the 
resonant  element  from  the  apex  should  remain  constant  over  the  band  of  the  antenna. 
Thus  the  phase  should  cliange  by  ir  with  a  frequency  increment  of  6u,  so  that 

^(oj)  =  — JTUl/iu. 

This  argument  neglects  the  possible  frequency-dependent  phase  velocity  of  the  transmission 
line  in  the  antenna,  but  results  iii  (1]  and  here  show  that  the  antenna  works  reasonably 
well. 


The  linear-phase  design  for  transmitting  a  pulse  with  minimum  distortion  was  tested 
for  a  18  element  aiiteima.  A  standard  LPD  antemia  was  considered  fust,  with  longest 
element  of  length  0.88  m,  and  with  r  =  0.015,  a  =  0.168  and  ot  =  7.21.  This  is  an 
optimum  design  according  to  equation  (2),  covering  a  band  of  about  170  to  700  MHz. 
A  comparable  linear-phase  antenna  used  18  elements  witli  the  siune  largest  and  smallest 
elements,  and  the  same  a,  but  with  element  lengths  determined  from  equation  (3)  with 
=  0.207.  The  transmission  line  impedance  in  each  case  was  100  ohms.  These  two 
anteimus  are  shown  in  Figure  2.  Tire  effect  of  scaling  the  elements  by  equation  (3)  rather 
than  (1)  is  to  crowd  tire  elements  toward  the  small  end  with  iiicrcitsed  spacing  for  the  l.-uge 
elements. 

The  antennas  were  modeled  at  10  MIIz  straps  in  frequency  from  10  MHz  to  1  GHz, 
with  a  source  of  1  volt  aud  a  generator  impedance  of  50  ohms.  The  transfeu  function 
obtaiired  for  radiated  field  was  then  resampled,  inverse  transformed  and  convolved  witli  a 
Gaussian  input  pulse  with  1  ns  FWHM.  Comparison  of  the  18  clcincut  LPD  and  linear- 
phase  antennas  in  Figures  3  and  4  shows  a  coirsidorubly  mure  linear  pha.se  response  for 
the  modified  antenna.  The  ttunsienl  response  iu  Figure  4  is  compressed,  and  its  I'cak 
amplitude  exceeds  that  of  the  standard  LPD  auteima  in  Figure  3  by  a  factor  of  nearly  two. 
The  increased  spacing  of  the  elements  with  the  linear-phase  design  is  seen  to  di^gratlc;  thc^ 
low  frequency  pcrfonnauce,  however. 

Tlie  degradation  at  low  fiequoncies  can  be  partially  overcome  by  incrca-sing  the  number 
of  radiating  elements.  A  30  element  antenna  analyzed  in  [1]  gives  a  cleaner  impulse  response 
than  tile  18  element  antenna.  NEC  modeling  confirmed  the  effectiveness  of  tlie  30-clemt'ut 
design. 

Pulse  Compression  Antennas 

Yatshevich  and  Fedosenko  show  that  tliis  concept  of  tailoring  the  phase  rosiiouse  of 
the  aiiteimii  can  be  generalized  by  selecting  the  resonant  frequencies  ui„  of  the  radiating 
elements  to  obtain  u  phase  response 

V’(wi.)  = (4) 
They  apply  this  method  to  amipress  a  linear  FM  signal  of  the  form 

u(f)  =  i  1^1  —  ^u/2. 

[  0,  for  |t|  >  tu/2. 
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where  wq  is  the  mean  frequency,  t||  is  the  duration  of  the  signal,  Am  is  the  bandwidth  and 
B  =  Amfy.  The  spectrum  of  this  signal,  assuming  B  1,  is 


U{u) »  uo 


s/kB/'I 


A/.i 


over  the  frequency  range  wq  —  Aa;/2  <  w  <  mo  +  Am/2. 


(5) 


The  antenna  is  required  to  act  as  an  optimum  filter,  with  the  conjugate  phase  response 
to  (5).  Thus 

0(m)  =  B(m  —  mo)*/2Am*  —  mfo  (6) 

where  to  is  a  time  delay  chosen  to  obtain  a  realizable  antenna.  Substituting  (6)  into  (4) 
and  solving  for  m^  yields 


mn  =  mo  + 


Amfo 


1-r  1- 


2t« 

Amt^ 


to(mi  -  mo)  -  ^^(mi  -  mo)^  +  (n  -  l)7r 


Assuming  mp  =  mj  f  Am/2  as  in  [1],  this  result  becomes 


m„  =  mi 


.  +  ^  ^0.5  +  7  -  ^/(o'b  +  7)2  -  27r(n  -  1)/B  j 
where  7  =  to/^«-  Thus  the  element  lengths  scale  as 

£„=fiy^  1  d-  ^  ^0.5  +  7  -  ^(0^5  +  7)=  -  27r(r.  -  1)/B  j  . 


Yatskevich  and  Fedosenko  consider  a  linear  FM  signal  with  B  =  40z'  and  Am/mo  =  1. 
Their  antenna  uses  30  elements  with  a  =  4°  and  7  =  0.705.  The  ratio  of  element  radius 
to  length  was  0.005,  and  the  transmission  line  impedance  was  100  ohms.  The  antenna 
modeled  here  was  scaled  for  a  longest  element  of  0.88  m,  so  the  resonant  lengths  of  the 
largest  and  smallest  elements  were  f\  —  0.170  GHz  and  /jo  =  0.511  GHz.  The  radiating 
elements  of  this  antenna  are  shown  in  Figure  5. 

The  response  of  the  antenna,  obtained  from  NEC,  is  shown  iu  Figure  fi,  where  the 
radiated  field  is  shown  for  one  volt  input  and  uo  generator  impedance.  The  input  linear 
FM  signal  and  the  resulting  field  radiated  are  shown  in  Figure  7.  The  radiated  pulse 
is  compressed,  but  not  as  well  as  that  shown  by  Yatskevich  and  Fedosenko  in  [1].  One 
uncertainty  in  this  comparison  is  the  source  impedance,  since  a  value  is  not  stated  in  [1] .  In 
addition  to  the  50  ohms  used  for  the  results  in  Figure  7,  we  also  tried  100  and  1000  ohms. 
The  high  impedance  was  tried  because  reference  [4]  mentions  fixing  the  input  current,  whicli 
is  equivalent  to  using  a  high  impedance  source.  These  variations  in  source  impedance  did 
not  have  a  significant  effect  on  the  compression  of  the  radiated  pulse,  although  they  did 
r  its  amplitude. 

The  result  of  convolving  the  linear  FM  signal  with  the  impulse  response  of  the  optimum 
filter,  having  the  phase  of  equation  (6)  and  a  constant  amplitude  from  wp  —  Aw/2  to 
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uiQ  +  Aw/2,  is  shown  in  Figrire  S.  This  response  is  close  to  that  shown  in  [1],  The  transfer 
function  of  the  antenna,  computed  by  NEC,  is  compared  with  the  ideal  transfer  function 
in  Figure  9.  The  magnitude  of  the  antenna  response  is  seen  to  drop  off  sharply  above 
about  0.34  GHz.  This  loss  of  high  hequeucies  is  also  noted  by  Yatskevich  and  Fedusenko, 
and  the  gain  in  Figure  6b  appears  to  be  in  close  agreement  with  that  shown  in  [1],  The 
phase  of  the  antenna  response  is  not  plotted  in  [1],  but  it  is  stated  that  the  phase  is  within 
±10  degrees  of  the  quadratic  relation  of  (6).  The  phase  computed  by  NEC  is  close  to  that 
of  (6)  at  the  lower  frequencies,  but  deviates  substantially  above  about  0.32  GHz.  This 
difference  in  phase  apparently  accounts  for  the  reduced  compression  of  the  pulse.  The 
phase  characteristic  is  more  difficult  to  obtain  than  the  smootlily  varying  magnitude,  since 
many  samples  are  needed  to  avoid  aliasing.  The  anicima  response  was  computed  with 
NBC  at  5  MHz  increments  from  160  to  570  MHz  and  at  10  MHz  increments  over  the  rest 
of  the  band  from  0  to  1  GHz.  The  results  appeared  to  be  well  converged.  Also,  the  radiated 
power,  obtained  by  integrating  the  far  field  (computing  average  gmn),  was  in  balance  with 
the  input  power  minus  power  dissipated  in  the  terminating  load.  The  computation  of  the 
transfer  fimction  shown  in  Figure  6,  from  0  to  1  GHz,  required  12  hours  of  CPU  time  on 
a  VAX  8650. 

Conclusions 

The  concept  of  modifying  a  LPD  array  to  produce  a  desired  phase  characteristic  for 
transmitting  or  compressing  a  pulse  appears  to  have  considerable  merit,  cdthoiigh  there 
arc  limitations  on  what  can  be  achieved.  The  linear-phase  modification  proposed  in  [1]  is 
effective  foe  radiating  a  short  vulse  with  minimum  dispersion.  However,  more  elements  are 
needed  to  cover  a  given  band  than  with  the  standard  LPD  array. 

The  antenna  for  compression  of  a  linear  FM  pulse  also  is  effective,  although  the 
radiated  pulse  obtained  from  the  NEC  model  is  not  as  clean  as  that  shown  in  [1].  The 
reason  for  this  discrepancy  has  not  been  detenuined,  although  it  appears  possible  that  the 
pulse  shown  in  [1]  could  be  the  response  of  the  ideal  filter,  whidr  is  then  broadened  by  the 
reduced  bandwidth  of  the  antcmia.  Statements  in  [1]  appear  Bomewhut  ambiguous  on  this 
point.  Another  possibility  is  that  the  result  shown  in  [1]  is  for  a  different  antenna  tlian  is 
described. 

The  simple  analysis  used  in  deriving  the  element  spacings  in  [1]  probably  docs  not  lead 
to  a  completely  optimum  design.  The  antennas  might  be  further  oi>timized  by  adjusting  the 
elements  to  correct  phase  errors  revealed  by  the  numerical  model,  although  the  potential 
gain  is  not  known.  Also,  an  analysis  in  terms  oi  k  —  P  diagrams  for  propagation  on  the 
locally-periodic  structure  might  lead  to  a  better  understanding  of  the  possibilities  and 
limitations  of  these  antennas. 
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Fig.  1.  Log-periodic  dipole  antenna  geometry. 


b) 


Fig.  2.  Radiating  elements  of  a)  an  18  element  LPD  antenna  with  r  =  0.915,  a  =  0.168 
and  a  =  7.21°  and  b)  a  similar  linear-phase  antenna  with  iojjoii  =  0.207. 
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CAIN  (dBl 


Fig.  6.  Radiating  clcnioutu  of  a  thirty-clcincut  antenna  for  compressing  a  linear  FM 
pulse,  with  Au/ui  =  2,  D  =  40ir  and  7  =  0.705. 


a) 


Fig.  6.  I  fVcrjuency  response  of  tlic  thirty-element  antenna  in  Figure  6  ,  8hx)wing  a) 

radiated  field  magnitude  ( - )  and  phase  ( - )  on  axis  for  one  volt  input,  b)  power 

gain  relative  to  an  isotropic  soiuce  and  c)  input  impedance. 
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Fig.  7. 

Tiiuiaiciit  ruapoiijo  of  tho  ptilso  compressioii  aiitcuiia  of  Figure  5  ,  showing  a) 
linetir  FM  input  pulsu  with  /n  =  A/  0.3409)  GHz  uml  f„  =  58.667  us  oaid  b)  riuliated 
field  of  the  aiiteiuia  on  axis. 


_ ..J 

_ »  1 

-1 - 1 _ t-  < 

■ 

< 

i 

1 - 1 - 1 - 1 - 1 - 1- 

u  iU  <u  bU  uu  uu 

1  Imv  ( at  > 


Fig.  8.  Uesult  of  convolving  a  linear  FM  nignul  with  /«  =  A/  =  0.34091  GHz  and 
tu  08.667  ns  with  tire  optiiuuni  llltcr  lesponiic  }\aviug  the  phuae  of  equation  (6). 
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Fig.  0.  Conipiirison  of  the  icspoiisc  of  the  pulse  compression  luiteiiiiu  in  Fii^uio  C 
computed  by  NEC  for  a  50  ohm  source  ( - )  witli  the  optinium-Rlter  response  ( - ). 
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The  Puleed  Retponee  From  a  ParcAolie  Reflector  Antenna 
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INTRODUCTION 

The  radiated  pulaad  roaponaa  of  the  par¬ 
abolic  reflector  antenna  lyitem  shown  in  fiKuru  1 
is  presented  in  this  paper.  The  emphasis  of  the 
current  modeling  effort  was  to  dotormina  tho 
transmitted  pulse  characteristics  of  this  antenna 
system,  i.e.,  the  peak  amplitude,  rise  time,  end 
pulse  width  of  the  transmitted  pulse.  It  was  ini- 
tlully  hoped  that  an  antenna  system  of  this  type 
would  be  able  to  transmit  high  gain,  short  pulses 
ut  large  distances.  Results  from  this  initial 
phase  of  analysis  are  very  encouraging.  Those 
results  along  with  a  detailed  description  of  the 
models  dovelopad  will  bo  given. 


figure  1.  Parabolic  lufloctor  unloimu  system. 


MRTHODOLOOr 

This  section  discusses  the  methodology 
employed  during  the  analysis  and  doscribes  tlie 
models  developed  for  each  component  of  tho  lui- 
tunno  system.  A  goal  of  this  analysis  was  to 
dotormine  the  transmitted  field  strength  relative 
to  the  input  signal  level,  for  this  reason,  a  com- 
pleto  churucterization  of  the  antenna  system 
from  the  source  to  the  radiated  fields  was 
necossavy.  As  shown  in  figure  1,  tlicre  are  three 
niqjor  cumpononts  in  this  antenna  system  -  the 


source,  feed,  and  reflector.  Each  of  these  compo¬ 
nents  were  modeled  individually  and  are  dis- 
cuesed  in  detail  below. 

Tht  Sauree 

The  source  was  modeled  as  an  ideal 
Gaussian  voltage  generator  in  series  with  a  high 
pass  filter.  The  waveform  produced  by  the  gen¬ 
erator  is  given  in  equation  1  and  plotted  in 
figure  2.  With  1/a  set  equal  to  1  ns,  a  pulse  width 
of  1 .7  ns  and  a  rise  time  of  1 .2  ns  is  produced.  In 
figure  2,  t^  was  set  equal  to  26  ns  to  allow  for 
easier  viewing  of  the  entire  pulse. 

(1) 


Kiguro  2.  Waveform  produced  by  GuvwBiun 
voltage  generator. 

The  output  of  the  voltage  generator  was 
fed  directly  into  a  high  pasa  filter  to  remove  the 
low  frequency  content  of  the  voltage  source.  The 
niodul  developed  for  the  paiabolic  reflector  (given 
below)  is  most  accurate  when  tho  wavelength  is 
small  relative  to  the  dimensions  of  the  refluctor. 
Therefore,  removal  of  the  low  frequencies  (large 
wavelengths),  was  performed  to  improve  the 
overall  accuracy  of  this  analysis. 
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A  single  pole  high  pase  filter  with  a  lower 
cutoff  frequency  of  100  MH*  was  used  in  this 
analysis.  Its  frequency  response  is  given  in  equa¬ 
tion  2  while  a  plot  of  its  magnitude  and  phase 
responses  are  given  in  figures  3  and  4. 


tXia)  - 


Jto 

jui+2nfi. 
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Figure  3.  Mugnituda  response  of  the  high  pass 
filtur. 


Figure  6.  The  Gaussian  pulse  after  being 
filtered. 

short,  thin  feed  section  was  chosen.  In  this  anal¬ 
ysis,  Sf  was  set  equal  to  0.03  m  while  the  ratio  of 
Hid  was  set  equal  to  100. 

The  resistive  losses  of  the  dipole  feed 
wore  asi  umed  to  consist  of  radiation  and  ohmic 
losses  as  givon  in  equation  311  ].  A  plot  of  RCte)  is 
given  in  figure  7  where  or  is  50  Mmhos/m. 


The  current  distribution  on  the  dipole 
feed  was  assumed  to  b?  uniform  end  is  given  in 
equation  4,  whore  V(ui)  is  the  Fourier  transform 
of  the  voltage  sourco.  Figure?  8  and  9  are  plots  of 
Vl»)  and  l^fw). 


,,  ,  V(io,' 


(4) 


Figure  4.  Fhasc  roeponae  '  i  iho  high  puss  filter. 


Ttiu  result  of  puosing  the  Gaussian  signal 
through  the  high  puss  filtnr  is  shown  in  figure  6. 
The  rise  time  is  essontiully  unchanged  at  1.2  ns 
while  the  pulse  width  has  iiicrcused  to  approxi- 
imitely  10  ns. 

The  Feed 

Tlie  food  section  (see  figure  6)  was  mod¬ 
eled  us  u  short  dipole  with  resistive  losses.  To 
avoid  any  re.sonencefi  with  the  feed,  an  extremely 
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Figured.  Uipelefoodsocticn. 


tho  low  froQUcncies  have  been  attenuated,  and 
the  minimum  dUtanca  (the  focal  iengtb)  to  tho 
rotlector'a  aurface  is  10  m. 

il « coio  Hint  +  Scostj 

(5) 

U=jk/a6l  -^^^9  «>»<!•  $coa0  8mi>| 

The  Reflector 

Tho  {lolda  acattorod  off  of  the  parabolic 
reflector  are  calculated  by  geometric  oplicel2|. 
The  radiated  electric  far  field  produced  by  the 
abort  dipole  feed  antenna  (located  ut  tho  focal 
point)  provided  tho  excitation,  (leometric  optica 
was  then  used  to  calculate  tho  scattered  electric 
fluid  in  the  xy  plane  that  goes  through  the  focal 
point  of  the  parabolic  reflector  aa  given  in  equa¬ 
tion  6  (where  f  is  the  focal  length  of  tho  parabolic 
reflector).  The  fluids  are  aaaumed  to  be  zero  out¬ 
side  of  the  parabolic  roflcctor'a  projected  area  on 
this  plane  (i.e.,  outside  of  tho  circle  described  by 
the  reflectors  edge),  Given  those  fluids,  equiva¬ 
lent  magnetic  sources  are  found  through  tho 
equivalence  principle  (equation  7 ).  Those  aourc- 
os  are  then  used  to  calculate  the  electric  vector 
petential  (equation  8),  from  which  the  electric 
end  magnetic  flelda  in  the  fur  field  can  be  found 
(equation  0). 


The  radiated  fl  r  fields  produced  by  the 
dipole  feed  are  given  in  equation  6,  It  wan  as¬ 
sumed  that  these  were  the  incident  fields  at  tho 
parabolic  reflector's  aurface.  This  ussumption  is 
fairly  accurate  since  the  dipole  feed  is  very  short, 


a  -Vx  P' 


(9) 
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When  calculating  the  electric  field  poten¬ 
tial  in  equation  8,  if  one  ie  only  concerned  with 
the  fields  along  the  boresight,  the  integration  can 
bo  performed  analytically  and  results  in  the  ex¬ 
pression  given  in  equation  10.  However,  when 
off  boresight  angles  are  desired,  the  integration 
can  no  longer  bo  performed  analytically.  To  per¬ 
form  this  integral,  a  fust  Fourier  transform 
(Ft’'!)  was  used.  Comparing  a  two  dimensional 
Fourier  transform  integrul  to  the  integral  in 
equation  8,  it  is  readily  found  that  equation  8  is 
of  the  same  form  as  on  inverse,  two  dimenaional 
Fourier  transform. 

(10) 

Throughout  this  analysis,  the  parabolic 
reflector  modeled  had  a  focal  lengtli  of  10  m  and 
a  diameter  of  20  m. 

HKSVITS 

The  results  will  be  presented  in  three 
parts.  The  first  part,  will  be  the  pulse  charnctar- 
istica  along  the  boresight.  A  comparison  between 
the  analytically  generated  and  numerically  cal- 
culuted  data  will  bo  shovim.  This  comparison  is 
used  to  vulidutii  the  numerical  technique.  The 
next  two  parts  will  show  the  transmiUod  pulse 
characteristics  ft.'  the  £  and  H  planes.  In  oa.ch 
case,  tile  transmitted  pulse  waveforms  wore  cal¬ 
culated  for  a  range  of  1000  km.  However,  to 
■nuke  viewing  of  the  waveforms  easier,  no  time 
shifts  (other  than  the  26  ns  offset  from  the 
source]  were  included.  Conclusions  from  these 
results  are  presented  in  the  next  section. 

Bort$ight 

As  previously  discussed,  along  boresight 
Uie  electric  vector  potential  integral  (equation  8) 
can  be  calculated  analytically.  This  has  been 
porformed  and  the  results  are  shown  in  equation 
10.  Off  boresight,  however,  a  two  dimensional 
FIT  has  been  used  to  perform  this  integration.  A 
comparison  between  th3  two  methods  (on  bore- 
sight)  is  shown  in  figures  10  and  11.  As  is  evi¬ 
dent  in  the  figures,  the  two  methods  give  nearly 
identical  results. 

It  should  be  noted  timt  tho  polarization 
of  the  electric  field  on  boresight  is  in  the  y 


direction.  Since  wo  are  used  to  working  in  spher¬ 
ical  coordinates  when  in  the  far  field,  the  polar¬ 
ization  on  boresight  can  bo  a  little  confusing.  0 
and  polarizations  will  change  as  our  observa¬ 
tion  angle  (i|i)  changes.  This  is  simply  an  artifact 
of  tho  spherical  coordinate  system  when  0iO°. 


Figure  10.  The  electric  field  strength  on  bore¬ 
sight  calculated  analytically. 


Figure  11.  The  electric  field  strength  on  bore- 
sight  calculated  numerically. 

h-Plan* 

The  K-pluno  is  defined  us  the  i^=90° 
plane.  Figures  12  through  24  are  plots  of  the 
elsetric  field  for  different  values  of  6.  Figures  12 
through  18  are  platted  on  the  same  scale  to  allow 
visual  inspection  of  tho  pulse  amplitude  changes 
as  the  angle  off  boresight  is  changed.  Figures  19 
through  24  are  the  same  figures  replotted  to 
show  in  detail  the  pulse  characteristics  at  each 
angle.  At  ijisSO'’,  the  ^  cempunent  of  the  electric 
field  is  zero.  Thus,  only  the  6  component  of  the 
electric  has  been  plotted. 


sao 


Fieuru  12.  E-plana  result  for  01=0°. 


Figure  14.  E-plane  resulta  for  0=3.6°. 


Figure  16.  E-plaiio  results  for  0=6.4°. 


Figure  17.  E-plune  resulU  for  0=0.0°. 


Figure  1 8.  E-pIunc  rosulta  for  0=10.8'^. 


Figure  21.  E-pluno  reuulls  for  0=6.4° 
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Figure  24.  E-plune  resulU  for  0=10.8°. 


Figure  26.  Il-planc  results  for  0=1.8° 


li-Plan* 

The  H'planu  ia  defined  ua  the  plane. 
Figurea  25  through  37  are  pluta  of  the  electric 
Hold  for  ditferent  values  of  6.  Figures  26  through 
31  are  plotted  on  the  same  scale,  while  figures  32 
through  37  ere  plotted  on  differont  aculca  for  the 
reasons  discussed  above.  Since  4i=0°,  the  0  com> 
punont  of  the  electric  field  is  zero.  Thus,  only  the 
4)  component  hua  been  plotted. 


Kitfurti  27.  U-plunu  leoultB  I'ur  U-3.6'’. 


Kiyuro  25.  Il-plunu  rosulls  for  0=0". 


Kigiire  2H.  M-pliinc  results  for  0=.').4'’ 
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Figure  32.  H-plnnc  results  for  0=1.8' 


Figure  34.  Il-pluiio  results  for  0=8.4' 


Figure  37.  H^plttite  rcaulU  lor  dalO.8*’. 


CONCtUSiONS 

FVoni  the  resulU  pre&ented,  it  is  easy  to 
understand  why  the  parabolic  reflector  antenna 
system  looks  to  be  very  promising  in  its  ability  to 
transmit  high  gain,  short  pulses.  Both  the  £  and 
H  plane  results  clearly  indicate  that  the  trans¬ 
mitted  pulse  is  maximum  along  boresight  and 
attenuates  rapidly  with  angular  deviation  from 
boresight.  At  five  degrees  off  boresight,  the  peak 
amplitudes  have  decreased  approximately  by  a 
factor  of  5.  The  amplitudes  continue  to  decreaso 
tlie  further  off  boresight  one  goes,  however,  the 
assumption  about  the  low  frequency  content 
made  throughout  this  analysis  logins  to  fail  at 
extreme  off  boresight  angles.  The  reason  for  this 
is  simple.  The  parabolic  ref  ector  is  a  very  high 
gain  antenna  at  short  wavelengths.  Thus,  the 
energy  from  Iho  high  frequencies  is  concentrated 
along  boresight  However,  at  lower  frequencies, 
the  gain  begins  to  bmaden  and  the  energy  io  dis¬ 
tributed  over  a  wider  range  of  angles.  At  large 
angles  off  boresight,  the  relative  content  of  low 
frequency  versus  high  frequency  will  be  gieater 
than  it  is  along  boresight.  Since  the  geometric 
optics  approximation  is  inaccurate  at  low  fre¬ 
quencies.  the  relative  energy  due  to  the  long 
wavelengths  must  be  small  compared  to  the 
short  wavelengths.  Along  boresight  and  near  it. 
this  condition  is  satisfied.  However,  at  large  an¬ 
gles  offboresight,  this  condition  ia  no  longer  true, 
llierefore.  results  for  angles  greater  than  10*^ 
have  not  been  included. 

In  addition  to  the  pulse  amplitude  da- 
creaitng.  the  pulse  width  increases  with  angular 
deviation  from  boresight.  Once  again,  this  is  due 
to  the  fact  that  the  relative  contribution  of  low 
frequencies  increases  as  the  angle  off  boresight 
increases. 

RECOMMENDATIONS 

Two  enhancements  could  be  made  to  im¬ 
prove  the  results  that  have  been  presented  here. 
The  first  is  to  improve  upon  the  feed  section.  A 
more  realistic  feed  could  be  incorporated.  This 
would  complicate  the  analysis  considerably  and 
is  why  it  was  not  performed  in  this  analysis. 

The  second  enhancement  would  be  to  im¬ 
prove  upon  the  reflector  analysis.  Edge  effects 
olong  with  an  accurate  model  for  low  frequencies 
could  be  developed. 
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Abstract 

Cha^actcri^ation  of  time-domain  High  Range  Resolution  (HRR)  scattering  returns  is  a  valuable  tool 
in  evaluating  performance  of  RCS  compact  range  diambcrs.  A  code,  based  on  geometrical  optics 
modeling  and  empirical  reflector  and  absorber  data,  is  described.  Results  obtained  using  this  computer 
model  are  compared  with  actual  downrange  RCS  plots  measured  on  the  Hughes  Aircraft  Company 
dual-reflector  Vokurlta  compact  range  chamber  in  Ei  Segundo,  California.  Important  mechanisms 
contributing  to  the  downrange  response  and  to  measurement  clutter  in  the  sweet  spot  measurement 
zone  arc  identified,  indicating  this  to  be  a  useful  tool  in  chamber  design  and  evaluation. 


1.0  Introduction 

The  quality  of  measurements  made  in  an  indoor  compact  range  depends  to  a  large  extent  upon  the 
level  of  background  clutter  in  the  time  vicinity  of  the  target.  The  background  level  is  due  to  unwanted 
returns  of  sitnilar  path  length,  and  to  processing  sidelobcs  of  bright  peaks  elsewhere  in  the  rooni. 
Before  measures  can  be  taken  to  reduce  clutter,  the  paths  involved  must  be  identified,  and  the 
potential  negative  side  effects  of  the  design  changes  estimated. 

Time-domain  images  of  compact  ranges  show  contributions  from  several  mechanisms.  Some  of  these 
can  be  deduced  from  the  image  and  from  knowledge  of  the  range  geometry.  Certain  comparatively 
simple  effects  can  be  estimated  accur..tely;  however,  detailed  calculations  of  higher-order  interactions 
arc  cu.-nbersome,  requiring  computer  assistance.  While  a  great  number  of  versatile  RCS  prediction 
codes  arc  available,  they  are  generally  unsuitable  for  modeling  complex,  electrically  large,  lossy 
cavities,  such  as  a  compact  range.  Specialized  software  exists  to  compute  the  near  field  of  a  compact 
range  reflector  in  isolation,  but  the  absence  of  interactions  with  other  objects  restricts  its  use  to 
predictioi.  of  Geld  strength  in  the  quiet  zone;  clutter  in  the  zone,  as  seen  in  time-doma.n  images, 
cannot  be  predicted.  Another  approach  approximates  profiles  of  the  quiet  zone  by  summation  of 
absorber  backscatter  components,  computed  using  empirical  data  for  the  illumination  pattern  and 
absorber  RCS  [1]. 

A  series  of  computer  codes  has  explored  the  applicability  cf  ray  tracing  to  range  analysis.  The  current 
iteration,  VukuS,  employs  an  extended  form  of  Geometric  Optics  (GO)  to  treat  nonspccular 
scattering.  Pure  GO  is  quite  restricted  in  its  ability  to  predict  calibrated  background  levels  due  to  its 
exclusion  of  nonspccular  mechanisms.  In  particular,  the  level  in  the  quiet  zone  around  the  target 
cannot  be  calculated,  since  this  depends  on  diffraction  from  the  main  reflector  and  backscattcrlng 
from  the  side  walls.  Vuku5  pro'.'ides  facilitia  for  graphical  examination  of  speciGc  paths  in  isolation 
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and  graphical  display  of  paths  in  both  time  and  space  domains.  Design  eiiijdi.isis  was  placed  on  the 
flexibility  of  the  model  description  language  and  on  the  extensibility  uf  the  code. 


2.0  Theory 

Pure  GO  approximates  a  wavefront  with  a  set  of  rays,  each  of  which  represents  a  tube  uf  flux.  When 
a  ray  strikes  a  surface,  it  reflects  at  the  specular  angle.  In  VukuS,  surfaces  arc  considered  to  be  lueully 
planar,  so  that  the  tubc’.s  cross-sectional  area  is  conserved  Spreading  from  curved  surfaces  is  then 
represented  by  the  divergence  of  the  reflected  raj's  as  a  group,  rather  than  individually.  If  the  surface 
is  lossy,  it  is  described  by  a  gain  pattern  -  the  power  of  the  reflected  ray  is  just  the  incident  power 
multiplied  by  the  gain  at  the  angle  of  incidence. 

While  VukuS  retains  specular  reflection  as  an  optional  mechanism  for  metal  objects,  it  extends  GO 
by  allowing  nonspccular  reflection.  The  spot  on  a  surface  illuminated  by  an  incident  ray  is  considered 
a  point  source  from  which  ray  cones  emanate.  By  the  use  of  ray  cones,  rather  than  ray  lubes,  the 
wavefront  is  represented  by  sections  of  spherical  shells  rather  than  sections  of  planes.  Hacli  ray's 
power  is  determined  by  the  source  power,  the  solid  angle  subtended  by  the  ray,  and  the  surface 
scattering  gain.  The  gain  pattern  is  determined  empirically,  usually  by  measuring  the  material's  RCS 
per  unit  area;  in  general,  it  is  a  function  of  incident  and  reflected  angles. 

P,  -  P,  •  C(0„O,.4.„4.,)  • 
where: 

P,  •  power  of  iiKideat  ray 
P,.  ■  power  of  rcflecicd  ray 

G  ■  gain  of  siufaca 

■  angle  of  iaddeace 
(0,,it>^  ■  angle  of  reflection 
0  ■  solid  angle  of  cefloctod  ray 

Pure  GO  calculation  requires  setting  two  parameters:  angular  ray  sampling  and  minimum  power 
threshold.  (Equivalent  parameterization  schemes  could  certainly  be  used.)  The  transmit  antenna  emits 
a  number  of  rays  which  will  meet  the  sampling  specified.  Each  ray  then  reflects  off  a  number  of 
surfaces  until  it  either  strikes  the  receiver  or  its  power  falls  below  the  threshold.  Extended  GO  uses 
similar  parameters,  but  the  angular  sampling  is  used  at  every  (nonspecular)  reflection.  Each  surface 
illuminated  by  u  ray  is  treated  as  a  new  transmitter.  This  cascade  effect  means  that  the  choice  of 
sampling  becomes  far  more  critical  in  determining  the  number  of  calculations  required. 


3.0  Implementatinii 

A  compact  range  is  modeled  as  a  set  of  heterogeneous  elemenu.  Each  type  of  element  is 
characterized  by  a  different  set  of  geometric  and  electrical  properties.  Ceonictiic  shape  determines 
the  endpoint  of  a  ray  incident  on  the  object.  If  the  object  io  not  a  perfect  conductor,  tlic  electrical 
properties  of  its  surface  arc  condensed  into  one  or  more  tables  of  gain  as  a  function  of  incident  and 
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rcl'IcclMl  uat^tus.  Kii  example,  u  wait  in  a  liiaaglc  ileaerilicU  by  lliiee  veeUirs;  il  has  u  seallering  gain 
pattevn  dutining  die  alisorlicr  iierlurinancc.  Ucsidca  walk,  there  are  I'eed  hurn.s,  parabolic  cyliiulricul 
reneclors,  and  plate  targets.  Ilie  aide  is  niodulariu:d  so  that  new  object  ty|ics  can  be  added  without 
disturbing  existing  parts  ol'  the  program.  A  generic  object’s  scattering  behavior  is  expressed  in  a  .set 
ol  functions;  versions  of  these  functions  arc  then  written  to  characterise  a  sirecillc  ty|ie. 

i'ine  uintrol  can  be  exercised  over  the  scattering  process.  Angular  ray  sampling  and  minimum  ray  ilux 
tlircshoUl  cun  be  set  globally,  with  these  global  ligures  modified  by  factors  for  individual  elements. 
Paths  between  jiurticular  element  puiis  cun  lie  explicitly  disabled.  Unneeessuty  shadowing  eliecks  cun 
lie  eliminated  on  a  cuse  by-ctuse  hiuns,  resulting  in  subslmitial  savings  in  run  time. 

Ihougit  following  nons|KeuIur  paths  entails  substantially  more  compulation  time  than  pure  GO,  the 
surface  sampling  lequiremenl  is  mucii  less  than  that  of  low-frequency  tcciiniqucs  such  as  (he  Method 
of  Moments. 

Ray  segments  arc  linked  together  in  a  hinuty  tree  structure.  Ketaining  the  .solution  in  its  original  fuim 
allows  portions  of  the  illumination  to  be  separated  out  bused  on  path  length,  intersection  with  a 
speelfie  volume  (e.g.  the  quiet  zone),  or  radiated  |)uwcr  density.  Additionally,  illumination  incident 
on  a  reclungulur  strip  can  be  numiloted  res  a  |H>s(proccs.sing  step.  11icse  anulylicul  ptcKcdurcs  are  fur 
clieupcr,  in  terms  of  run  time,  titan  generation  of  the  illumination. 

Oowiirange  profiles  are  geneiuled  from  ray  trees  us  histograms  of  terminal  |)ower  veisuu  path  length. 
Actual  measurements  arc  typically  made  in  the  frequency  domain  and  transformed  to  time  domain 
after  multiplying  by  u  window  function.  To  simulate  the  ie.suUing  )x;iik  sidelohes,  the  annputed  pi  olilc 
can  be  ainvolved  with  tlie  transform  of  the  window.  Without  this  eouvolulioii,  the  pioliie  simulates 
what  would  ideally  Iv  uuluevud  with  infinite  bandwidth  und  an  inilnile,  ainstunl  window. 

Two  different  graphical  displays  are  provided.  Kay  puliis  cun  lie  overlaid  on  an  urlhogiaphic 
wiicfrume  ruprcseiitaliun  of  the  eliuinlH;r,  und  the  whole  displayed  in  ticis|)cclivc  with  an  aihitraiy 
view|Kiiiit,  angle  und  scaling.  Curtusian  gruplis  slu>w  downraiigu  profiles  and  illuniinutiun  cuts  with 
user-definuhle  units,  axis  ranges,  und  titles.  Oruphics  ate  generated  by  wtiy  of  a  low-level  dtiver  which 
can  be  easily  reimplemeuted  for  new  physical  devices. 


4.0  Results 

Modeling  cmphu.sis  was  ccnteied  on  CIruinber  I  of  (lie  Hughes  RCS  meusurenient  facility  in  Lil 
Segundo,  California  (21,  An  interior  view  of  the  ehuniber  is  shown  in  I'igure  1.  An  idealised  model 
of  this  chamber  was  created  and  tuned  with  appropriate  sampling  und  threshold  factors,  l-'igure  2 
shows  the  model  in  roughly  the  same  view  seen  In  the  photograph,  with  features  shaded  und  labeled; 
the  two  cannot  be  overlaid  due  to  differences  in  iwtspective  rendering.  Figures  3  -  6  show  oilier  views 
of  the  model.  With  the  exception  of  Figure  1,  all  graphics  were  originally  generated  by  VukuS;  in 
Figures  2  and  7,  halftoning,  arrows,  and  some  text  labels  have  been  added  using  a  eommctclul  vector 
drawing  package. 

The  absorber  co'.'cred  chamber  walls  were  modeled  using  triangular  plates.  Tiling  on  the  side  walls 
followed  the  division  between  pyramidal  und  wedge  absorber  types.  Measured  RCS  ])ci  unll  abnirber 
area  data  [3]  was  condensed  into  lookup  tables  for  the  plates.  The  March  Microwave  3'i29B/S 
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icllccloi  system  was  represented  by  two  parabiilic  eyiindrieal  mirrors,  edged  with  u  /one  of  isotropic 
scattering  to  roughly  upproxlinate  the  serrated  edge  treatment  ol  the  actual  re.neetors.  Gain  tables 
lor  the  mirror  center  sections  were  used  when  necessary  to  simulate  itirertuie  dilTruction. 

As  shown  in  the  rigiires,  the  back  wall  is  represented  by  three  separate  subwalls.  I'his  is  necessaiy  to 
properly  model  the  downrange  extent  oi  the  24  ineh  pyramidat  absorber,  visible  at  the  resolution  of 
typical  measured  |>roliles.  Ilie  net  absoilter  KC'S/area  was  divided  into  three  separate  gain  patterns 
lor  the  subwalls,  aceoiding  to  studies  ol  the  distribution  oi  reluins  alting  the  uxi»  ol'  individual 
pyramids  |4J.  VultuS’s  shadowing  control  allowed  the  sultwulls  to  lie  raiiK.itlered  as  mulually 
transpaiejil. 

Since  the  euniplexity  ol'  the  model  I'orhad  simultaneous  coinpu'.ation  oi  all  laissihle  paths,  the 
background  level  was  eoinpuled  us  Ibc  sum  oi  .seveial  particular  ,sca(leting  initchanisnis.  'I'liis 
technii|ue  also  i'acililaled  intciprelalion  oi  the  results,  'llie  uiniputed  and  measured  background 
curves  at  Ku  band  are  sitowtr  In  I'iguie  7.  tseleeled  airrrironerrts  rtre  shown  in  I'igutes  K  -  It). 

Cultbruliort  Ur  dUsirt  was  delerrrrirted  by  placirrg  a  -lildUstn  target  (visible  irr  I'igutes  2  rtttd  .'))  it)  trie 
center  ol  the  quiet  /one  rntd  eotttpulittg  its  t e.s|)ott.se,  arralogoasly  to  the  proeedure  lor  a  physical 
eom|)aet  range.  I'o  simulate  pioee.ssiiig  sidelolres,  the  results  were  convolved  with  the  traiislrnni  tri 
lire  Kai.sei  -Ue.s.sel  window  u.srrd  Ity  the  lll'H.'ilO  iielwor  k  imaly/er.  Sitiee  the  strong  irtterhorn  uiuplitrg 
can  allecl  adjacent  levels  through  the  sigrtal  processing,  art  etnpirieal  upptoxitnalirrn  to  this  lerin  was 
added. 

It  will  Ire  ttoled  ihui  lire  Inlerhorn  urupling  and  buck  wall  |tcuks  arc  translated  slig.htly  in  range.  Hiis 
clieet  is  tliouglrt  Ur  tic  due  to  dillerences  lietween  the  piamred  aid  actual  loeatiuris  ol'lhe  I'ocul  point 
oi  the  lelleelor  system.  When  the  miiiots  and  leeds  arc  instullcd  in  a  range,  their  uligttmetrl  is 
adjusted  i'or  maximum  perloitiiuiiee.  Hius,  blueprint  crKndinutiai  cart  only  be  approximations. 
Uclermining  the  actual  jaisitlons  alter  inslullution  is  dillieult  in  ptneliee,  and  is  arnsidered  to  be 
rallicr  less  im|K)rtarit  llrari  eitsuriiig  snirHith  quiet  /one  illumination.  I’lcsunrubly,  this  disci epaiiey 
itlieels  other  jieaks  u.s  well,  but  tire  sirnpliiied  nature  of  lire  model  prevents  precise  |x::)k  overitty. 

'io  explore  the  cU'eets  oi  tmget/sidewall  eou|)lin)'„  a  iater  tes'  series  placed  a  1  meter  sijuure  metal 
plate  in  the  quiet  /one,  pilcheil  up  at  45  degrees  to  iiluniiiialu  the  eeiling.  Ilie  cl'l'eet  on  the 
downrange  pruiile  is  sitowtr  jtt  I'igute  II;  the  sittgle  |ieuk  cxiiceted  iruttt  a  plate  at  btrradside  is 
replaced  by  nrultiple  ]teuks  rutlltt:r  dowrrruttge.  Naturally,  tire  euuplirrg  cU'eets  I'roin  a  mure  typical 
target  (such  us  an  aiierait  riuxlel)  would  be  less  »  the  large  plate  urea  delilierately  exaggerates  tin 
elTecls.  llie  illuniination  irieidenl  on  the  ceiling  is  shown  in  I'igure  12;  jxiwer  |>er  U.1  square  trrelei 
cell  is  giver)  us  a  t'utreltor)  oi  distance  itotn  the  near  end  (North)  wall.  A  portion  ut'  that  illuiirinulion 
is  showt)  in  |K:ispeclive  in  b'lgure  13.  Note  that  two  separate  |)eak£  apjrcai  in  tlie  downrange  piolile, 
sirrai  the  illuminated  s|X)l  tni  the  ceiling  is  received  both  direetly  (iicurei  |x;ak)  and  back  Ibrough  tire 
plate  (iurther  [xiuk).  Ihe  direct  putli  (sub/irtuln/plaic/eciling/niuin/sub)  is  weaker  than  the  symmelrie 
path  (suli/muin/plate/eeiling/plute/muiri/sub)  since  the  gain  oi  the  lellector  system  iails  oil  away  irom 
the  main  axis  -  the  plate/eeiling/main  scattering  is  nuiisjxxrular. 

!•'in))lly.  to  jnovide  addiliorrul  vulidaliotj,  rt  .second  larmpeel  lurtge  was  modeled,  litis  was  the  Hewlell 
t’aekard  range  in  Santa  Kusa,  Culitbrniu.  Hiis  chuniher  resembles  the  Hughes  range  in  overall  design, 
and  shows  similar  ieuturcs.  Results  I'ur  X  build  are  graphed  in  I'igure  14. 
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Serrated  edge*  arc  appi  nximalcd  he  ^  ..^.  L  ^^gflcrnui.  Detailed,  quantitative  studies 

ort  serration  perferntanee.  either  experintenta.  or 
thcoretioil,  which  was  unavailable  at  this  writing. 
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i'igurc  1;  Chamber  1  Interior  with  Catwalk  lIxtcndcU 


rtgurc  3:  CXniipiict  Runj(c  Model 


I 


Figure  7;  Total  Downriingc  Profile 
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Figure  a:  Diiuct  Illumination  of  Absorber 
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Figure  9:  Illuminutk  n  by  Muin  ttctlcctor 


H3  Chamber  w!;  RafUcloi-  Sy»+«tn 


I'iguiu  11:  Piol'ilc  with  45<li:g  PUilc 


I'igurc  17.:  Ceiling  Illumination 


5.0  Future  Uevclopment 


Thu  simplKt  impruvumunts  to  VukuS  could  cornu,  not  front  modifiuutiuns  to  the  source  code,  hut 
from  better  modeling.  Characterization  of  reflector  edges  seems  to  be  the  highest  priority,  given  the 
high  path  strengths  involved.  Accurate  mcasurcnient  of  edge  respoase  in  a  physical  coinpuct  range 
is  difficult;  modeling  the  edges  in  isolation  using  a  general-purpose  low-frci]uuRcy  RCS  axle  would 
probably  be  more  effective.  Edge  serrations  (tosc  a  modeling  challenge  due  to  their  above-resonant 
electricu!  size.  (Similar  considerations  would  hold  for  other  edge  treatments  ~  rolled,  absorber-loaded, 
etc.)  Additional  bistatic  utisoiher  RCS/areu  data  could  be  collected,  though  this  is  diflieult  with  extant 
facilities  due  to  the  amount  of  data  required  and  the  neeessuty  reconfiguration  of  monoslutic  ranges. 
Given  the  relatively  low  gain  of  typical  absorber,  the  significance  of  absorbur/ubsorber  mulliliouiice 
scattering  is  qucslionable.  However,  a  study  of  a  specific  scattering  mechanism  in  isolution  could 
model  liner  details  than  have  Ixien  attempted  so  fur. 

VukuS  is  written  in  highly  modularized,  ANSI-slundurd  C  for  maintainability  and  portability.  New 
types  of  eleinenfs  (or  modifieutiuns  of  existing  ones)  can  be  added  struightibrwardly;  in  fact,  erxle 
stuirs  exist  to  support  additional  targets  and  target  mounts,  ParalKrIuidal  rellectors  umid  be  added 
easily.  Ihc  primary  challenge  fur  new  elements  is  nut  writing  code,  but  determining  appropriate 
eieetrieul  prn|)crties;  in  particular,  mount  (lerl'urniunec  is  diflieult  to  eUarucleiize  with  any  certainty. 
Graphics  device  de|K-.ndence  Inis  tieen  encapsulated  at  u  low  level.  Sup|x>rl  Is  provided  for  X.ll, 
KcGlS,  lU’OL,  and  LNO.l  Plus  protocols;  practice  has  shown  that  adding  support  for  new  device.s  is 
a  simirlu  matter. 

Exiterience  with  the  piograni  has  suggested  some  significant  improvements  iliat  uruld  l>c  made  in 
fuLuie  versions.  Wliilc  iclaliiing  the  basic  theory,  data  representuliuns  amid  Ire  altered  to  better 
uceummodatc  high  re.soiulion  computations.  Mux  density  analysis  wvuld  be  greatly  sttcainlincd  by  the 
capability  to  display  two-dimensional  images  with  coiitouiiiig  or  pseudixarlor  techniques.  Several 
modules  would  need  extensive  rewriting,  but  (he  most  leuglhy  and  difficult  part  of  the  development, 
validation  of  the  scattering  uigoritlims,  need  not  be  repeated. 

VuituS  now  offers  the  unique  capability  to  analyze  multipath  interactions  in  a  compact  range,  it  cun 
be  a  valuable  addition  to  conventional  ehamtx'r  design  tixrls.  As  new  demands  arise,  ils  funciiormliiy 
cun  be  cxjiandcd. 
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ABSTRACT 

In  this  paper,  a  numerical  time-domain  technique  known  as  the 

transmission  line  matrix  (TLU)  method  is  used  to  analyze  a  the  separated 
aperture  buried  dielectric  anomaly  (mine)  detection  technique.  This  mine 
detector  is  designed  to  operate  In  the  fiequency  range  from  600  to  1,(X)0 
MHg.  As  shown  in  figures  1  and  2,  the  mine  sensor  consists  of  transmit 
and  receive  broadband  dipole  antennas.  Each  dipole  antenna  Is  contained 
within  an  open  cavity  and  the  cavities  are  connected  a  metallic 

septum.  When  the  detector  Is  over  a  hcmogeneous  earth  little  of  the 
transmitted  power  is  picked  up  by  the  receive  dipole.  There  is  a 
significant  Increase  In  received  power  when  the  detector  is  over  a 

burled  dielectric  anomaly  (mine).  Recently,  a  fairly  extensive 
experimental  effort  was  carried  out  at  Ft.  Belvoir,  Virginia  to 
characterize  the  perfortnanco  of  tliis  mine  detector.  Although  the 
experiments  clearly  indicate  how  the  performance  of  the  detector  changes 
with  mine  deptli,  sensor  height,  sensor  position  relative  to  the  mine, 
etc.,  the  experiments  do  not  necessarily  provide  a  clear  miderstandiug 
of  the  electromagnetic  principles  underlying  the  mine-detection  process. 
The  TLM  analysis  has  been  used  to  generate  a  video  tape  which  shows  how 
the  wave  radiated  by  the  transmit  dipole  interacts  with  the  burled  mine 
and  scatters  back  into  the  receive  cavity.  This  video  simulation  lends 

cordiderable  inoiglit  into  the  fundamental  wave  mechanisms  which  govern 
the  detection  process. 
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INTRODUCTION 


The  separated  aperture  buried  dielectric  anomaly  detection  scheme, 
shown  in  Figures  1  and  2,  was  discovered  in  the  1950’s  and  studied 
experimentally  (11.  It  was  shown  to  have  superior  detection  and 

raise-alarm  rates  when  compared  to  other  mine-detection  techniques.  One 
drawback  noted  was  sensitivity  to  sensor  height.  A  false-alann  occurred 
when  the  sensor  septum  was  greater  than  approximately  one-half 
wavelength  above  the  soil  surface.  Although  the  separated  aperture 
approach  to  mine  detection  is  simple,  it  has  certain  desirable  features 
that  are  not  shared  by  other  electromagnetic  mine  detection  methods. 
Electromagnetic  identification  of  burled  mines  requires  a  transmitter 
and  receiver:  energy  from  the  transmitter  penetrates  the  earth's 

surface,  Interacts  with  the  burled  anomaly,  and  is  then  coupled  into  the 
receiver  for  detection.  Unfortunately,  a  rather  large  amount  of  enei'gy 
can  be  directly  coupled  from  transmitter  tu  receivei'  or  reflected  from 
the  soil-air  interface  and  coupled  into  the  receiver.  Energy  at  the 
receiver  which  interacts  with  the  anomaly  (the  signal]  can  bo  quite 
small  In  comparison  with  this  direct  and  ground-reflected  energy  (the 
clutter).  The  advantage  oi  the  separated  sperture  approach  over  other 
electromagnetic  detection  techniques  Is  that,  under  proper  operating 

conditions,  the  direct  and  ground  reflected  signals  aio  substantially 
suppressed  in  comparison  with  the  return  from  the  burled  anomaly.  Hie 
metal  septum  forms  a  waveguide  with  the  soU  surface  and  when  the 
septum-surface  separation  Is  smail,  this  waveguide  is  below  cutoff 

resulting  in  an  exponential  attenuation  of  tlie  direct  and  ground 
reflected  sigimls  and  a  vastly  Improved  slgnal-to-clutter  ratio.  In 
fact,  acoordlr.g  to  one  source,  the  separated  aperture  sensor  exhibited 
the  best  slgnal-to  clutter  ratio  of  any  technique  ever  attempted  (11. 

Recently,  the  Belvuir  Countermine  Technology  Division  of  the  U.S. 
Army  Belvolr  Research,  Development,  and  Engineering  Center  (BRDEC) 
decided  to  pursue  an  experimental  and  theoretical  research  program 
dedicated  toward  developing  a  thorough  undtrstandlng  of  the  operating 
characteristics  of  the  separated  aperture  mine  detector.  To  date,  fairly 
extenalve  measurements  idescrlbed  in  greater  detail  below)  have  u6ai 
conducted  with  this  detector  In  dry  loom  (a  mix  of  sand  and  clay)  [2], 
and  in  moist  or  saturated  soils  |3].  Because  of  Its  robustness, 
versatility,  and  utility,  the  transmission  line  matrix  (TU4)  method  was 
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chosen  as  the  prefertcd  numerical  tool  with  witch  to  carry  out  the 
theoretical  research  program. 

The  traiitunlsalun  line  matrix  (TUil)  method  (described  In  greater 
detail  in  a  later  section)  provides  a  very  general  and  powerful 
technique  for  the  solution  of  wide  variety  of  electromagnetic 
Interaction  problems  Involving  arbitrary  material  parameters  and  complex 
geometries.  The  basic  prhiciple  of  tliu  TLU  method  is  the  modeling  of 
space  using  a  meah  of  interconnected  transmlaslon  lines.  This 
trsnsmlsslon  line  mesh  Is  excited  at  time  zero,  and  the  voltages  and 
currents  at  the  nodes  In  the  mesh  sre  recorded  ae  time  la  stepped.  A 
well  known  equtvelenoe  between  eleotromegnetlc  field  quantities  end 
transmission  Hue  voltagee  end  currents  is  used  to  calculste  the 
electric  end  magttetlc  fields  as  a  function  of  time;  thus,  the  TLU  method 
provides  a  time-domain  analysis  of  scattering. 

Two-dimensional  TLU  aimulationa  have  been  used  to  study  the 
vsrlstlon  In  transmission  coefficient  (  he.  S21  ■■  ratio  of  the  voltage 
at  the  receive  dipole  to  the  voltage  at  tha  tranamlt  dipole)  as  a 
function  of  horizontal  sensor  position  relatlvs  to  the  toestlon  of  the 
burled  anomaly  (see  Figure  3).  Figure  6  almws  a  TLU  simulation  with  a 
dlp-peak-dlp  variation  In  the  transmission  coefficient  ss  the  sensor 
sesns  over  the  buried  anomaly.  Thla  result  agrees  qualitatively  with 
nmasared  transmission  ooefflolent  versus  position  data  shown  In  Figure 
4.  As  previously  mentioned,  a  video  tape  will  be  presented  showing  tlw 
time-domain  electromagnetic  fields  In  the  vicinity  of  tha  sensor  as  the 
sensor  scans  over  tlto  buried  snomaly.  This  psrtlculsr  means  of 
presentation  lends  considerable  Insight  Into  the  fundamental  wave 
mechanisms  responsible  for  the  dlp-peak-dlp  response.  It  la  InteiesUng 
to  note  that  although  thj  experimental  efforts  employed  here  provide  the 
"anewer"  (he.  the  sensor  output,  SZl,  as  a  function  of  the  variables 
which  define  the  ulectromagoetlc  system),  the  experimental  data  alone 
does  not  neceosarily  provide  eny  deep  Insights  into  the  electromagnetic 
wave  pbenomenon  responsible  for  the  'answer*.  The  TLU  analysis  on  the 
other  band,  particularly  the  video  generated  from  sequential  ''snap 
shots'  In  time  of  the  field  structure  throughout  the  analysis  grid, 
provides  a  very  clear  picture  (literally)  of  the  mechanisms  responsible 
for  the  'answer'. 
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Fl|[ure  1  shows  a  side  and  front  view  of  the  ex|x)riiiiontal  data 
collection  system  v^hlch  consists  of  o  motorlaed  throe-wheeled  cart, 
Hewlett  I’aclcard  875.']  A  network  analyzer,  Hewlett  Packard 
Multl-progranuner,  and  separated  aperture  sensor  head.  Ihe  helglit  of  ttia 
sensor  head  above  the  soil  surface  Is  adjusted  uslnn  the  hand  crank  and 
horizontal  movemoiit  of  tlie  sensor  Is  automatically  controlled  by  a  worm 
gear  attoched  to  a  stepper  motor.  Ihe  test  equipment  Is  controlled  by  a 
Hewlett  Packard  9000  ntodel  236  deaktop  uomputer  via  a  fiber  optic  lUik. 
Kxpurlmental  data  collected  from  the  network  analyzer  Is  stored  on  a  3.S 
Inch  floppy  disk.  Klguru  2  shows  a  close-up  of  the  790  UHz  sensor  head 
(the  broadband  dipoles  ore  designed  to  resonate  at  790  UHz)  which  Is 
composed  of  a  transmit  and  receive  broadband  dipole  pah'  separated  by  a 
metallic  septum.  Itscli  broadband  dipole  resides  within  a  corner 
reflector.  Tiie  ci'itluad  dimensions  for  this  head  are  also  shown  In 
Figure  2. 

All  overview  of  the  experiuiental  lost  configuration  dsfUies  tlie  many 
variables  wlUch  must  be  examined  In  order  to  develop  a  good 

understanding  of  the  separated  aperture  dielectric  anomaly  detection 
scheme.  Figure  3  Is  a  scale  drawing  of  the  experimental  configuration 
showing  the  790  UKz  broadband  sensor  parallel  to  and  at  a  twight  H  above 
the  soil  surface.  A  dielectric  anomaly,  usually  a  12  x  12  x  3  Inch  nylon 
block.  Is  buried  at  a  depth  D  below  tlie  soli  surface.  For  tlie 
exp'i'inioiital  results  presented  here,  the  sensor  head  Is  scanned  In 
l.S-lnch  Increments  directly  over  the  anomaly  (receive  dlpolo  passes 
over  tlie  anomaly  first).  As  shown  In  F'igure  3,  measurements  are  made  at 
27  positions  for  a  total  hoilzonlal  scan  of  39  inches.  At  each 

hurlzontal  position,  tlio  network  aiuUyzer  Is  used  to  measure  tlie 
transmission  coefficient  (S2l),  complex  ratio  of  voltage  at  the  output 
of  the  receive  dipole  to  the  voltage  at  tlie  Input  of  the  transmit 
dipole,  at  8  UHz  Intervals  starting  at  600  UHz  and  ending  at  1,000  UHz 

- 31  frequency  samples  over  a  4(X)  UHz  band,  lilnce  the  dipoles  are 

resonant  near  bOU  UHz,  the  transmission  coefficient  Is  measured  fro.  ZOO 
MHz  below  resunanco  to  200  UHz  above  resonance.  A  6-inch  septum  was  u.ied 
for  all  of  the  data  taken  with  the  790  MHz  broadband  sensor. 
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Klgura  4  shows  the  lueaaured  transmission  coeri'lclent  (S21)  as  a 
function  of  position  for  various  seasor  tMii^ts  (i.3,4,  and  6  Inches  as 
Indicated)  as  the  sensor  head  is  scaiuied  over  a  nylon  block  (12  »  12  x  3 
inches)  burled  Just  under  the  surface  of  dry  loamy  soli.  The 
transmission  coefficient  is  measured  at  7%  lUb;,  a  frequency  which  Is 
near  the  resonant  frequency  of  tlie  dipoles.  Notice  that  for  the  three 
Inch  helti)il,  the  response  when  the  detector  Is  directly  over  the  anomaly 
It  around  25  dB  ipviater  than  ttie  i-esponse  when  the  detector  Is  well  away 
fi'om  the  anomaly  (over  homogeneous  background)!  Notice  also  that  the 
anomaly  beciomea  less  "visible”  as  the  sensor  height  Increases  (see  for 
example  the  relatively  flat  response  for  a  sensor  height  of  6  Inches). 
llUs  flat  response  Is  a  consequence  of  Increased  direct  coupling  from 
transmit  to  receive  dipole  which  washes  out  (masks)  the  relatively  week 
signal  scattered  by  the  anomaly.  As  previously  explained,  the  Increased 
direct  coupling  resultn  when  Uie  septum-earth  "waveguide"  Is  no  longer 
below  cutoff. 


TWO-DIMENSIONAL  TLM  SIMULATION  OK  THk; 

SEPARAlia}  APEKl-UKE  MINE  DCTECTOK 

The  i^latlonsldp  between  eldctroinagnetlc  field  quantities  and  the 
currents  an  a  transmission  line  were  first  descrlbtid  by  Kion  [41  hi 
1V44.  In  1971,  Johns  and  Ourle  [St  utilised  this  relstloaihlp  along  with 
pulse  propagation  theory  to  devtlop  a  numerical  inetlicd  for  solving 
two'dlutenslanal  electromagnetic  problems  In  the  time  domain.  Johns  and 
berls  named  this  method  tlie  transmission  line  matrix  method,  which  has 
become  known  as  the  ti  aiismlsslon  line  modeling  (TLM)  method.  TTie  TLM 
method  has  a  conceptual  advantage  over  other  methods  In  that  It  Is  a 
physical  model  (a  network  of  transmission  lines  In  space)  with  an  exact 
numerical  solution.  Any  Inaccuracies  In  the  method  are  due  to 
approximations  used  In  modeling  the  problem  being  simulated  and  not  In 
the  solution  of  the  model.  Unlike  other  numerical  meUiods  such  as  tlie 
method  of  moments  (MOM)  [d],  the  algorithm  used  In  the  TLM  method  does 
not  have  to  be  dianged  for  each  new  problem.  The  TLM  algorithm  used  to 
compute  the  data  presented  in  tlrls  thesis  Is  based  on  the  synunetrlcal 
condensed  node,  developed  by  P.D.  Johns  In  19B7  17],  The  computer 
program  employed  here  was  developed  at  Auburn  University  by  the  first 
listed  author  (Paul  Hayes). 
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In  prnotlo*.  tha  problam  gaomatry  la  apactflad  aa  a  sarlaa  of 
boundary  raflaotlcin  ooalTialaDta  and  maUrial  oonotltuanta  in  a 
cartaalan  moab.  An  impulaa  la  theo  appllad  to  tba  maah  of  nodaa  at  loiua 
axoitatloa  point.  TIm  loeah  la  than  Itaratod  alloirlug  tho  Impulaaa  to 
propagata  throughout  tho  natwork  of  tranamlaalon  llnaa.  An  output  point 
la  daflned  aa  a  noda  at  which  tha  aoltagM  ara  aavad  at  aach  tlma  atap. 
Thla  output  aaquanoe  of  voltagoa  oorraapuDda  to  tha  Impulae  raaponaa  of 
tha  alaotromagnatlo  aystam  and  tha  aaquiooa  may  bo  Fourlar  tranaformad 
to  obtain  tha  fraquaoqy-dowalu  roopoosa  of  tha  ’nattrork"  or  oonvolaed 
with  on  arbitrary  tlma  fuootloa  to  obtain  Um  tlnM-donialn  raaponaa. 

Klgura  5  ahowa  tha  IIAI  problam  apaoa  (raotangular  boundary], 
aaparatad  apartura  aaoaor,  oarth/alr  Intarfaoa,  and  burlad  dlalactrlo 
anomaly.  The  approprlata  raflaotlen  ooafflclanta  muat  bo  appUad  along 
thu  boarder  of  tha  maah  ao  that  wavaa  which  aia  Incident  on  tho  maah 
boundary  do  not  artificially  raflaot  back  Into  tha  pt'oblani  apaoa.  Tha 
excitation  and  output  pobita  ara  taken  at  the  center  of  the  loft  and 
right  raotangulir  cavltlaa  reapeotivaly. 

Figure  6  ahowa  typical  reaulta  from  a  lUI  almulatlon.  Tha  aanaor 
iMight  la  3  Inohaa  and  tha  anomaly  la  3  Inchaa  deep,  ’fbo  earth  woe  taken 
aa  loaslesa  and  nonmagnatlu  and  waa  modeled  using  a  relative 
permittivity  of  2,811.  Hie  nylon  block  waa  aiao  aaaumed  loaalaaa  and 
nonmagnetic  and  was  modeled  ualug  a  relative  permittivity  of  3.33.  Thu 
peaks  and  dlpa  preient  In  Uie  experimental  data  (see  Figure  4)  are 
visible  in  the  YLU  almulatlun  aa  well.  In  tha  TUI  model,  the  dlpa  occur 
when  ttie  transmit  or  receive  dipoles  pass  over  the  edge  of  Um  anomaly. 
As  expected,  a  peak  oocuro  wlien  Um  detector  la  positioned  directly  over 
the  burled  anomaly.  Tho  two-dimensional  TUI  modoi  produces  results  which 
agree  remarkably  well  with  the  rarjtsured  data  of  Figure  4. 

CONCLUSIONS 

In  thla  paper  Uie  fuiidainontal  operation  of  the  aopai-ated  aperture 
burled  dlolectrlc  anomaly  detection  scheme  wsm  described.  Experiments 
Indicated  that  as  the  sensor  Is  scanned  over  a  burled  dielectric  miomaly 
the  transmission  coefficient  between  ixitput  and  input  dipoles  exhibited 
a  dlp-pesk-dlp  character.  Tho  transmission  line  matrix  (TUI)  r.ethod  of 
electromagnetic  analysis  was  described  and  used  to  perform  a 
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two-dimensional  slroulstlon  of  the  separated  aperture  mine  dotectur.  The 
tronsuilsslon  coefficient  computed  with  the  TLII  analysis  also  exhibited 
this  dlp-peok-dlp  respotUM.  fXirtliermore,  It  wss  pointed  out  that  the 
dips  In  the  TLM  computed  response  occur  when  the  transmit  and  receive 
dipoles  ore  positioned  over  the  edge  of  the  burled  anomalj'.  The  TUI 
analysis  has  been  used  to  generate  a  video  tope  which  shows  how  the  wavs 
radiated  by  the  transmit  dipole  Interoots  wltlt  the  burled  mine  sod 
scatters  bick  Into  the  reoslvs  cavity.  This  video  slmuietloo  lends 
ooiulderable  Insight  Into  the  rundamentul  wave  mecbonlmu  which  govern 
the  detention  prooese. 
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Klgure  4.  Maasuraiiiont  ot  traiuinilSElon  coerflclent  (SZl  as  a  function  of 
IKikltiun  for  various  sensor  helgiits  (1,3,4,  and  0  Inches  as  indicated) 
as  the  broadband  sensor  head  is  scanned  over  a  nylon  block  (IZ  x  12  x  3 
inches)  burled  Just  under  the  surface  of  dry,  loamy  soli.  The  reoalve 
dipole  passes  over  tiie  nylon  block  first.  The  transmission  coefficient 
Is  measured  neat'  the  resonance  frequency  of  tiio  broadband  dipoles  (790 
UKz). 
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AUSTRACT 

Until  recently,  the  symmetrical  condensed  node  transmission  line  matrix 
ITtAO  method  has  not  been  capable  of  modeling  lossy  materials.  In  this 
paper  we  present  a  new  formulation  for  the  symmetrical  condensed  TLM  node 
which  permits  the  modeling  of  materials  which  exhibit  both  electric  and 
magnetic  loss  mechanisms.  We  test  the  validity  of  our  formulation  first  by 
comparing  the  TLM  calculated  results  for  a  plane  wave  Incident  on  a  lossy 
half-space  to  the  exact  solution  of  the  lossy  wave  equation.  In  addition, 
we  have  applied  the  lossy  node  formulation  to  the  analysis  of  wires  coated 
with  radar  absorbent  material  (RAM).  The  TIM  results  for  this  problem  will 
be  compared  with  results  from  an  exact  series  solution. 

imiR.9PV.Ca9N. 

The  transmission  line  matrix  (TLM)  method  is  a  well  known  technique  for 
modeling  physical  processes  with  a  mesh  of  Interconnected  transmission 
lines.  A  time  domain  Impulse  analysis  of  the  transmission  line  mesh  yields 
the  time  history  of  voltages  and  currents  In  the  mesh.  Tlieso  voltages  and 
currents  are  then  used  to  compute  the  physical  quantities  of  Interest.  For 
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electroinaenetic  applications  scvaral  dlffei'cnt  versions  o?  the  TLM  method 
have  been  developed.  The  most  efficient  and  accurate  of  these  various 
formulations  Is  the  symmetrical  condensed  TLM  (SCD..M)  method  [ll.  A  single 
SCTLU  cell  is  shown  in  Figure  1.  Until  recently,  the  SCTi.M  method  was  not 
equipped  to  model  electromagnetic  Interaction  problems  which  involved 

materials  that  exhibited  electric  and/or  magnetic  losses.  In  this  paper, 
we  reformulate  the  SCTLM  method  to  include  both  electric  and  magnetic  loss 
mechanisms.  It  should  be  pointed  out  that,  although  arrived  at 

independently,  the  formulation  that  we  present  here  's  identical  to  that 
recently  given  by  Naylor  and  Desai  (21  for  electric  losses  when  there  are 
no  magnetic  losses  present  in  the  material  being  modeled.  Ihc  ability  to 
model  both  electric  and  magnetic  losses  is  important  for  many  real 

materials  such  as  radar  absorbent  material  (RAM)  where  both  the 
permittivity  and  permeability  are  complex. 

in  order  to  model  loss,.s,  six  additional  transmission  line  stubs  have 
been  added  to  the  symmetrical  condensed  node;  three  to  model  electric 
losses  and  three  to  model  magnetic  losses.  These  additional  stubs  are 
considered  to  be  infinitely  long  (or  equivalently  terminated  into  a  matched 
load)  so  that  none  of  tnc  energy  that  couple  into  these  stubs  is  returned 
to  the  mesh.  Thus,  a  loss  of  energy  is  modeled  by  these  stubs.  Since  the 

voltage  pulses  that  couple  into  these  stubs  are  not  returned  to  the  node, 

there  is  no  need  to  store  them  in  the  computer,  and  thus  the  lossy  node 
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scattering  matrix  requires  the  same  computer  storage  space  as  the  nude 
without  losses. 

To  begin  the  derivation  we  let  three  of  the  stubs  have  normalised  (with 

respect  to  3770)  characteristic  admittances  G^,  G^,  and  and  couple  only 

to  the  and  electric  field  components,  respectivoly.  Koi-  magnetic 

losses,  three  stubs  with  normalized  characteristic  impedances  R  ,  K  and  K 

ay* 

which  couple  only  to  and  magnetic  field  components,  respectively, 

are  assumed.  To  obtain  the  scattering  matrix  for  the  lossy  node,  thu 
structure  of  the  scattering  matrix  given  in  111  for  the  node  with  stubs  is 
compai-ed  to  the  two-dimensional  series  and  shunt  TLM  nodes  [31.  I'hose 
nodes  are  the  basic  building  blocks  for  the  expanded  node  TTM  mesh.  The 
shunt  node  Is  equipped  with  an  open  circuited  permeability  stub  with 
normalized  characteristic  admittance  Y  and  an  electric  loss  stub  of 

O 

normalized  characterized  admittance  C^.  Similarly,  the  series  node  has  a 
permittivity  stub  with  normalized  characteristic  impedance  Z  and  a 

O 

magnetic  loss  stub  with  normalized  characteristic  impedance  K^.  The 
scattering  matrices  for  these  nodes  ore  easily  obtained  from  a  simple 
lumpv  1  element  equivalent  network  and  are  given  by 

-(Z+Yo+Gq)  2  2  2  2Yo 

2  -(2+YohG»)  2  2  2Yo 

2  2  -(2+Yo*G«)  2  2Y»  (la) 

2  2  2  -(2*Yo+C»)  2Yo 

2  2  2  2  (Y«-C»-4) 

for  the  shunt  connected  node  with  the  loss  stub  and  without  the  loss  stub 
Is 


C  M  * 

s  4+V»*G. 
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-(2+Yo)  2  2  2  2Vi> 

2  -(Z+Yo)  2  2  ZYo 

2  2  -l2+Yo)  2  2Yo  (lU) 

2  2  2  -{2+Yo)  ZYo 

2  2  2  2(Yo-4) 

I'or  llic  liurleia  iicxlu  v;ith  ihc  lOss  stub  wo  have 


(Z+Zo+Ro)  2  2  -2  -2 

2  (2+2o+R»)  -2  2  2. 

2  -2  (Z+Zo+Ko)  2  2 

-2  2  2  (2+2o+Ko)  -2 

-2Zo  2Za  2Zo  -2Za  C44K.-Z«) 


and 


(2+Zo)  2  2-2-2 

,  2  (2+Zo)  -2  2  2 

2  ^  "2  U*Zo)  2  2  I2b) 

’  -2  2  2  (2+Z.)  -2 

-2Za  2Zo  2Z^  -2Z»  (4+Zo) 

I'ur  the  series  connected  nude  without  the  loss  stub.  It  must  be  rumemberud 
that,  In  general,  the  scattering  matrix  for  the  symmetrical  condensed  node 
cannot  be  obtained  from  a  lumped  element  equivalent  circuit.  However,  by 
comparing  the  scattering  matrix  of  tlie  symmetrical  condensed  node  with 
stubs  with  thorn  of  the  shunt  and  series  nodus  with  stubs  some  useful 
similarities  can  be  observed  which  lead  to  the  scattering  matrix  for  the 
symmetrical  condensed  node  with  losses. 

To  begin,  let  us  examine  Johns’  original  scattering  matrix  111  In  some 
detail.  The  scattering  parameters  in  the  lossless  SCTLM  scattering  matrix 
that  are  associated  with  the  open  circuited  stub  link  llne-to-stub 
transmission  coefficients  (l.c.,  they  specify  the  amount  of  coupling  Into 
the  open  circuited  stubs  fi.in  pulses  that  arc  on  the  link  lines  connecting 
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the  nodes  In  the  mesh)  are  given  by 

4 

The  scattering  parameters  that  are  the  reriac>.ion  coefficients  for  pulses 
traveling  toward  tlte  node  on  the  cpen  circuited  stubs  are  given  by 


**  (v vm 

They  specify  how  much  of  the  pulse  Is  reflected  back  into  the  stub. 
Fl'ially,  the  open  circuit  stub-to-llnk  line  transmission  line  coefficients 
which  specify  how  much  of  a  pulse  couples  from  a  stub  to  the  link  lines  Is 
given  by 


4Y  _ 

“  “  zprrv) 

Comparison  with  the  scattering  matrix  for  the  two-dlmmsional  sliunt  node 
with  the  stub,  equation  (lb),  shov/s  that  the  scattering  parameters 
associated  with  link  llno-to'-stub  transmission,  stub  reflection,  end 

stub'tO'llnk  line  transmission  are  identical  to  equations  (3),  (4)  and  (3), 
respectively.  lids  indicates  that  the  open  circuited  electric  field  stubs 
in  the  symmetrical  cundersed  node  can  be  thought  of  as  being  sl>u,tt 
connected  to  the  transmission  lines  which  are  associated  with  the 
corresponding  field  component. 

Similarly,  for  the  short  circuited  magnetic  field  stubs  In  the 

symmetrical  condensed  node,  we  can  identify 


and 


f  a 


4Z 

2(4  +  Z) 

(6) 

(4  +  Z) 

(4  -  z7 

(7) 

4 

2(4%  Z) 

(8) 
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as  the  entries  associated  with  link  llne-to-stub  coupling,  stub  reflection, 
and  stub-to-llnk  line  coupling,  respectively.  Comparison  with  the 
scattering  matrix  for  the  two-dimensional  series  comiected  node  with  the  Z 
stub  (2b)  shows  that  (7),  (8)  and  (9)  are  identical  tu  the  corresponding 
terms  In  (2bl  suggesting  that  the  short  circuited  magnetic  flehl  r.tubs  In 
the  symmetrical  condensed  node  mesh  are  connected  in  series  with  the  link 
lines  that  are  associated  with  the  corresponding  magnetic  field  component. 

Ttie  correspondences  between  the  stub  coupling  In  the  symmetrical 
condensed  node  TLM  mesh  and  the  stub  coupling  In  the  two-dimensional  shunt 
and  scries  node  meshes  which  allows  us  to  draw  conclusions  about  the  actual 
phyalcul  connection  of  the  symmetrical  condensed  node  stubs  to  the  link 
lines,  also  allows  us  to  easily  obtain  the  scattering  matrix  for  the 
symmetrical  condensed  node  when  the  toss  stubs  are  Included. 

Since  the  stubs  associated  with  electric  losses  are  shunt  connected, 
their  characteristic  admittance  C  and  Y  (note  that  C  and  Y  take  subscripts 
appropriate  tu  the  field  value  with  whicli  tliey  are  coupling)  are  in 
parallel.  Therefore,  the  symmetrical  cundenned  node  scattering  matrix 
entries  S^^,  1  and  J  from  1  to  12  arc  identical  In  form  as  before  except 
that  now  the  total  stub  admittance  Is  taken  to  be  (Y  *  C). 

The  other  enti'ies  In  the  scattering  matrix,  namely,  those  associated  with 
link  llne-to-stub  coupling,  stub  reflection,  and  stub-to-Unk  line 
transmission  are  obtained  from  the  corresponding  entries  in  the  scattering 
matrices  for  the  two-dimensional  shunt  and  series  connected  nodes  with  loss 
stubs  (la)  and  (2a).  The  final  form  for  the  scattering  matrix  of  the 
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synunetrlcal  coiideniiad  node  e<iulpped  wiUi  all  twelve  atuba  Ic  the  same  at 
that  given  In  III.  The  new  expreselona  tor  the  scattering  matrix  elements 
for  the  fully  equipped  node  are  given  by  tl>e  following  ejqircxslons^ 
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coaJuctlvltles  and  <r^^. 

Consider  as  an  example  case 
x-dlrected  electric  field, 
with  this  field  component  Is 


the  conductivity  ascoclulcd  with  the 
Uy  definition,  the  resistance  associated 


(10) 


whore 


and  1  Is 

X 


thus  tiivlng 


V  a  E  U 
a  a 


I  m  If  E  VW 
s  •»  » 


■a 


(11) 


(12) 


(13) 


Therefore,  the  characteristic  admlttwcc  Of  the  loss  stub  associated  with 
E  .  normalised  to  the  characteristic  impedance  of  the  link  linos,  Is 

X 

I''*)  > 

a  .  ^ - z 


similarly  for  the  other  electric  field  loss  stubs  we  obtain 

-  (uw) 


•y 


Z 


I14b) 


O-  (uv) 

•X 


C  - Z 

*  W  V> 

To  relate  the  masnetlc  loss  stub  characteristic  hnpedsnee  to  the  muKnetlc 
loss  tangent  the  dual  of  the  above  derivation  Is  used  whicli  yields  the 
following  final  results 
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Tliuii,  the  symmetrical  coiideiised  node  completely  equipped 
permittivity  stubs,  three  permeability  stubs,  throe  electric 
and  three  inojtnetlc  lose  stubs  has  been  cuinplotely  chni'acterlzed. 


(17f) 

with  three 
loss  stubs, 


MUMLKliSAL.  KtSVLTS 

In  this  Kcctloii,  the  lossy  node  Tormulation  for  the  synuuetrlcal  condensed 
node  with  electric  and  magnetic  loss  stubs  is  tested.  Ttmee  examples  ai-e 
presented:  two  which  Involve  plane  wave  propaitation  In  an  Inhomogeneous 
lossy  space  and  one  Involving  scattering  from  a  KAM-coated  cylinder, 

As  a  first  example,  consider  a  lb  GHz  plane  wave  to  be  normally  incident 
on  an  Infinite  losuy  half-space  from  free  space.  Ttie  lossy  half-space  has 
relative  coinpiex  permittivity  and  permeability  given  by  >  10  -  J5  and 
e  3  -  JH.  Klgure  2  Miows  a  plot  of  the  electric  field  magnitude  as  a 
funutioii  of  position.  Ihe  material  Interface  Is  located  at  38inm. 
Comparison  of  the  theoretical  curve  on  the  same  plot  shows  that  the  TLM 
solution  and  the  theoretical  solution  are  virtually  Indistinguishable. 

To  examine  the  accuracy  of  the  formulation  for  magnetic  losses,  wo  again 
look  at  the  case  of  a  normally  Incident  plane  wave  on  a  lossy  half-space. 
For  this  example  •  5  -  J5  and  »  5  -  Jp''  where  p''  is  vai'led.  The 
reflection  coefficient  from  toe  lossy  half-space  is  taken  to  be  the  ratio 
of  reflected  electric  field  tc  incident  electric  field,  Flg'ore  3(a)  shows 
the  TLM  calculated  reflection  coefficient  magnitude  along  with  the 
theoretical  values;  again,  excellent  agreement  Is  noted.  Figure  3(b}  plots 
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Figure  3.  Reflection  Coofficleat 
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the  TLM  and  theoretical  rericctlon  coefficient  phase,  referenced  to  the 
material  Interface,  with  excellent  agreement  observed. 

Finally,  we  present  calculations  for  scattering  from  a  circular  FblC 
cylinder  coated  with  KAM.  Ihe  radius  of  tlie  PEC  cylinder  Is  2.3B12S  mm  and 
the  radius  of  the  wire  and  KAM  coating  Is  4.643  mm.  The  material  constants 
for  the  KAM  were  assumed  constant  over  the  frequency  range  of  Interest 
(8-12GHZ)  and  are  given  by  IS.O  -  Jl.O  and  0.95  -  J0.25.  Using  the 
above  loss  formulation  we  have  calculated  the  attenuation  provided  by  the 
KAM  coating  on  the  wire.  The  attenuation  is  defined  as  follows.- 

(Attenuation) «  (KCS  Uncoated  Cylinder),,,-  (RCS  Coated  Cylinder),,  (18) 

dU  Ua  uU 

In  Figure  4  the  TLM  results  are  compared  to  the  results  obtained  fiom  a 
series  solution  to  the  problem  and  fair  agreement  is  observed.  It  Is  noted 
that  the  results  match  better  at  the  lower  end  of  the  frequency  band,  and 
diverge  somewhat  with  Increasing  frequency.  There  are  two  probable  causes 
of  this!  one  is  that  the  Inherent  numerical  dispersion  of  the  TLM  mush 
Increases  with  Increasing  frequency  and  the  Iticlusiun  of  the  lossy  mati-iiul 
makes  this  error  more  pronounced.  Secondly,  the  error  caused  by  the 
approximation  of  the  clrcul  \r  cylinder  using  a  "stair-stepped"  model  on  the 
cartesian  TLM  mesh  Is  known  to  cause  serious  errors  at  higher  frequencies. 

CONCLUSIONS 

In  tills  paper  a  formulation  of  the  SCTLM  method  which  includes  both 
electric  and  magnetic  loss  mechanisms  is  presented.  Several  examples  have 
been  presented  to  validate  the  formulation. 
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ABSntACT 

I'hc  increased  use  of  computer  aided  <leslgn  and  analysis  of  circuits 
which  transmit  int'ormatlon  .'•t  high  frequencies  has  lead  to  a  need  for 
reliable  coniputer  modeling  of  microwave  frequency  circuit  elements.  In 
t.his  .}apui'  a  teclinique  is  developed  usiiq{  the  TUd  metl:od  to  calculate  the 
■  ing  matrix  for  a  class  of  strip  type  passive  microwave  transmission 
lin-'..  Single  port  and  multi-port  microstrlp  circuits  with  discontinuities 
tre  analyzed.  The  technique  is  shown  to  be  a  very  accurate  method  for 
using  TLM  in  Clils  type  of  design  analysis  through  comparison  of 
neasi'i  ements  with  the  TuM  calculated  parameters. 

INlTtODUCnON 

It  lias  been  shown  [il  that  the  TLM  method  provides  an  accurate  and 
convenient  metfc'X  or  sl.nulatlng  microwave  frequency  circuits  o/er  a  wide 
bandwidth,  lie  a-:  .i;'.,<:y  of  the  TLM  method  is  due  to  Its  ability  to  model 
iplior.iojeneous  sp.ice  iml  accurately  reproduce  the  frequency  dependent 
characteristics  of  si.  .*<  structures  (includliig  dispersion  and  radiation). 
The  convenliuicc  of  the  TLM  method  is  due  to  the  fact  that  »  reformulation 
is  not  necessary  for  every  new  problem.  Only  a  change  of  the  Input  file  is 
required.  Th:  'fLM  me  the  j  also  produces,  in  a  single  run,  the  electric  and 
magnetic  field  tiuantiiies  in  the  modiia'l  space  i  ,  b,'oad  frequency 
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range,  These  qualities  make  computer  aided  design  a  very  practical 
application  of  the  TLM  method. 

-his  paper  will  take  advantage  of  the  desirable  characteristics  of  the 
n-M  method  to  analyze  several  microstrip  structures  (See  Fig.  D-  rWe 
practical  microstrlp  structures  containing  -^continuities  will  be 

analyzed  and  four  of  the  five  circuits  are  multiport  devices.  Guidelines 
for  -ncdeling  the  microstrip  structures  will  be  presented.  The  method  used 
to  extract  the  time  domain  data  from  the  Th«  mesh  and  the  procedure  used  to 
calculate  the  scattering  parameters  will  be  shown.  The  TU*  extracte 
scattering  parameters  are  compared  with  the  scattering  parameters  from 
measurements,  where  available,  and  with  calculated  scattering  parameters 
from  other  numerical  methods  when  measured  data  is  not  available. 

SCAXreRlNG  PARAUETER  CAI-CfJl-ATION 
K  single  row  of  elements  in  the  scattering  matrix  for  a  microwave 
component  may  be  calculated  by  talcing  the  ratio  of  the  voltage  wave 
traveling  outward  from  each  port  of  the  circuit  element  divided  by  the 
voitage  wave  traveling  inward  on  the  Input  port.  The  inward  and  outward 
traveling  current  may  also  -  -d  in  this  calculation  since  both  voltage 
«>d  current  may  be  considered  as  -normalized"  power  waves  IZl-  Both  the 
Electric  and  magnetic  fleid  values  are  available  from  the  TU<  simulation  so 
patl,  current  and  voltage  ac  svallr.ble  For  the  calculation  of  wide  band 
scattering  parameters  the  traveling  voltage  wave  In  the  TU*  cartesian  mesh 
was  used.  For  a  given  size  volume  a.«i  coarseness  o.  the  mesh  the  lino 
integral  calculation  of  the  voltage  for  a  given  point  on  the  transmission 
line  wouid  be  more  accurate  than  tlw  csed  line  integral  around  ..e 
transralBSivn  line  for  the  calc  ulation  of  current. 
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To  obtain  the  voltage  on  a  transmission  line  the  impulse  response 
along  a  line  at  an  observation  point  is  saved  as  tho  TLM  simulation  steps 
through  time.  The  Inward  and  outward  traveling  voltages  at  the  observation 
point(s)  are  Fourier  transformed  and  then  the  ratio  of  two  traveling  waves 
is  used  to  produce  the  scattering  parameters  as  a  function  of  frequency: 

F[  Vr(0  1 

S„(r)  =  - 

F[  V  (t)  ] 

i 

Where  V^(t)  is  the  outward  (reflected  in  this  case)  traveling  voltage  at 
the  input  port  as  a  function  of  time  and  V|(t)  is  the  inward  traveling 
voltage  at  the  input  port. 


MOOELiNC 

in  order  to  analyze  a  niicrostrip  circuit  accurately  using  the  TLM 
method,  the  circuit  itself  and  a  finite  volume  of  space  surrounding  the 
circuit  must  be  Included  in  the  model.  This  volume,  which  is  Included  in 
the  model  but  is  not  part  of  the  circuit  Itself,  is  a  region  above  the 
circuit  and  a  region  normal  to  the  direction  oi  the  propagation  along  the 
circuit.  Both  of  these  regions  are  included  in  order  to  ensure  that  the 
fields  oriented  in  these  directions  have  attenuated  and  that  a  TEM 
condition  exists  at  the  computational  domain  boundaries.  This  is  necessary 
since  the  bouitdary  conditions  which  were  enforced  at  the  limits  of  the  TLM 
computational  domain  are  designed  to  match  TEM  radiation.  If  a  non-TEM 
wave  is  present  at  the  boundary  then  partial  reflection  of  the  fields 
incident  on  the  boundary  would  result.  These  reflections  are  non-physlcai 
and  would  coi  rupt  the  circuit  simulation. 
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The  number  of  cells  used  to  model  the  regions  above  and  to  the  side  of 
each  mlcrostrip  varied  from  circuit  to  ci  cult  because  of  the  type  of 
discontinuities  considered.  In  general  though,  for  a  straight  microstrip 
transmission  line  only  Z  times  the  number  of  cells  required  to  mode,  the 
thickness  of  the  dielectric  substrate  is  required  to  model  the  region  above 
the  transmission  line.  Outward  from  the  trunsmission  line  a  region  5  times 
the  width  of  the  strip  was  used  to  model  this  dielectric  half  space. 

The  quantity  which  will  be  used  to  calculate  the  scattering  parameters 
Is  a  sum  of  the  electric  field  values  along  a  line  from  the  ground  plane  to 
the  conducting  strip.  Because  of  this  the  TLM  model  should  accurately 
reproduce  the  electric  field  values  throughout  this  region.  The  number  of 
cells  used  to  model  the  width  of  a  SO  fl  mlcrostrip  transmission  line  is 
four,  in  some  cases,  to  take  advantage  of  the  geometric  symmetry  of  the 
problem.  This  means  the  number  of  cells  used  to  model  the  dielectric 
region  is  also  four.  It  is  possible  to  model  the  dielectric  region  with 
only  three  cells  beneath  the  strip,  and  this  was  used  in  cases  where 
symmetry  was  not  avullable. 


SlMULitTION  OU."PUT 

The  point  used  to  observe  the  impulse  response  of  the  circuit  should 
be  chosen  such  that  any  higher  order  modes  which  exist  on  the  transmission 
line  due  to  ttie  excitation  and  discontinuities  present  in  the  circuit  have 
decayed.  The  decay  of  these  modes  determines  the  length  of  transmission 
lines  connected  to  the  microwave  devices  within  the  TLM  model.  For  all  of 
the  circuits  considered  in  this  paper  the  excitation  was  chosen  to  be  along 
a  line  from  the  ground  plane  to  the  conducting  strip.  The  propag.iting  mode 
did  not  fully  develop  until  20  to  30  cells  away  from  this  exclt.  tion.  Tlie 
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transmission  line  discontinuity  was  therefore  placed  at  least  30  cells  down 
the  transmission  line  from  the  excitation.  Due  to  the  various  circuits 
analyzed,  the  number  of  cells  required  to  ensure  that  the  higher  modes 
around  the  discontinuities  were  fully  decayed  varied  from  circuit  to 
circuit. 

The  extraction  of  the  traveling  voltage  waves  on  the  input  port  of  the 
microwave  device  requires  some  extra  attention.  Both  the  inward  and 
outward  (reflected)  voltages  will  be  present  on  this  port  and  a  method  for 
separating  the  two  is  needed.  It  has  been  reported  [31  I4l  that  two  models 
of  the  Input  port  are  needed  to  reparate  the  two  voltages  on  the  Input  port 
of  a  device.  The  method  used  here  has  only  one  model  of  the  input  port. 
This  method  models  the  input  poi  t  such  that  it  is  long  enough  to  allow  the 
incident  voltage  to  completely  pass  the  observation  point  before  the 
reflected  voltage  can  return.  This  method  seems  more  efflcie.nt  since 
preparation  and  post  processing  time,  along  with  computer  requirements,  In 
most  cases,  are  reduced  since  only  one  Input  file  Is  prepared  and  only  one 
TI.M  simulation  Is  run. 

The  number  of  time  steps  required  for  the  calculation  of  the  Fourier 
transform  also  varies  from  circuit  to  circuit.  An  accurate  method  for 
determining  the  number  of  time  stops  required  Is  to  calculate  the  Fourier 
transtorni  for  an  increasing  number  ot  time  steps  (see  Fig  2).  When  the 
traveling  wave  has  not  yet  passed  the  observation  point,  the  frequency 
response  is  seen  to  vary  as  a  function  of  the  number  if  time  steps  Used  in 
the  calculation.  When  the  wave  does  completely  pass  the  observation  point 
the  frequency  response  remains  constant  as  a  function  of  time  steps. 
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NUMERICAL  RESULT'S 


Open-Ended  Mlcrostrip;  The  scattering  parameters  for  a  single  port 

device  are  presented  first,  The  mlcrostrip  (shown  in  Fig.  3)  is  a  50  tl 

transmission  line  (W  -  0.6mm,  W/H  «  1.0)  on  an  alumina  substrate  (c  »  9.6) 

r 

terminated  into  an  open  (a  single  port  device).  The  results  from  the  TLM 

analysis  are  compared  with  that  of  |41  which  are  from  an  FD-TD  analysis  of 

the  same  structure  (See  fig.  4).  It  Is  seen  that  the  two  techniques  agree 

very  well  over  a  very  broad  bandwidth. 

Mlcrostrln  Side  Coupled  Filter:  A  microstrip  side  coupled  filter  was 

modeled  next.  It  is  shown  In  Fig.  5.  Because  this  a  resonant  structure  a 

large  number  of  time  steps  was  required  to  ensure  that  the  Impulse  response 

of  the  filter  was  complete.  The  filter  has  50  Q  transmission  lines  (W  - 

1.272mm,  W/H  •  1.0|,  c  >  10.0  for  the  substrate  and  the  gap  between  each 
r 

of  the  strips  D  ■>  t.272mm.  Figure  6  shows  that  the  TLM  calculated 

scattering  parameters  compare  very  well  with  those  of  15). 

Mlcrostrip  Radial  Stub!  A  mlcrostrip  radial  stub  filter  was  modeled  next 
(Sec  Fig.  7).  The  structure  has  two  ports  with  W  «  0.61mm,  H  “  0.63Smm, 
the  radius  R  ™  3.2S3mm  and  the  .gap  G  “  0.61mm.  This  is  also  a  highly 
resonant  circuit  and  required  a  large  amount  of  simulation  time  for 
convergence.  The  results  f rom  the  TLM  analysis  of  the  radial  stub  are 
presented  In  Figure  8  and  compared  with  measured  data  (6).  it  Is  seen  that 
good  agreement  between  the  TLM  results  and  the  measured  data  Is  achieved. 

Mlcrostrip  T- junction:  The  next  mlcrostrip  sti  -  ure  analyzed  was  the 
mlcrostrip  t-Junctlon,  shown  In  Figure  9.  The  mlcrostrip  is  modeled  as  a 
so  Q  (W  •  25  mil,  W/H  >  1.0)  on  a  substrate  with  -  9.9.  Good  agresment 
was  obtained  between  the  ILM  analysis  of  the  mlcrostrip  t-Junctlon  and 
measured  data  [7]  (See  Figure  10). 
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Figure  4  Scattering  Porainetera  for  the  Open-Ended  Uicrostrip. 
( — TLM,  0  0  0  Reference  4) 


Figure  S  Iglcrostrip  Side  Coupled  Filter. 


3<icUt4irtn{i  Paramttm 


Figure  6  Scattering  Parameters  for  the  Ulcrostrlp  Side  Coupled  Filter. 
( — H-M,  0  0  0  Reference  5) 


636 


I  <211 


Figure  7  Microstrip  Radial  Stub. 
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Scattering  Parameters  for  the  Microstrip  Radial  Stub. 
( - ^TLM,  —  Reference  5) 


Figure  8 


Flsure  10  Scattering  Parameters  for  the  Mlcrostrip  T  Junction. 
( — TLM,  0  0  0  Reference  7) 


re  11  Microstrip  Symmetric  Right  Angle  Crossing  J 


4  tuay  function 


Figure  12  Scattering  Parameters  for  the  Microstrip 
Symmetric  Right  Angle  Crossing  Junction. 

{ - TLM,  0  0  0  Reference  7) 
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Mlerostrjp  Cross  Junction:  The  next  structure  modeled,  and  shown  in 

Figure  11  ,  is  the  microstrip  cross  Junction.  The  TLM  resuits  are  compared 

in  Figure  12  to  a  Kietitod  of  Moments  solution  based  on  the  EFIE  [7]  and 

show  good  agreement.  The  mlcrostrlp  Is  modeled  as  a  50  Q  transmission  line 

(W  =  25  mil,  W/H  =  1.0)  with  c  ■  10.2  for  the  dielectric  substrate. 

r 

CONCLUDING  REMARKS 

A  method  was  developed  which  used  TLM  calculated  data  to  extract 
scattering  parameters  for  single-port  and  multi-port  mlcrostrip  devices. 
General  rules  were  also  presented  for  modeling  this  type  of  mierbwave 
transmission  lines.  The  results  of  using  these  rules  with  a  TLM  simulation 
were  presented  and  the  application  of  this  method  to  resonant,  as  well  as 
nonresonant  mlcrostrip  structures  was  shown  to  produce  accurate  scattering 
parameters  over  a  wide  frequency  range. 
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Abstract 

Engineers  and  scientists  have  become  increasingly  interested  in  calculating  electromag¬ 
netic  effects  in  the  time  domain.  For  example,  the  time  domain  is  especially  convenient  for 
studying  short  (wide  band)  pulses.  For  such  methods  to  be  generally  useful,  they  must  be 
free  of  the  severe  geometric  restrictions  imposed  by  traditional  finite  difference  methods. 

In  oiu'  research  into  methods  for  plasma  simulations  in  realistic  geometries,  we  have 
developed  finite  element  luelUods  for  electromagnetics  in  the  time  domain  on  unstructured 
grids.  Unstructured  grids  provide  maximum  flexibility  in  fitting  sample  points  to  the  prob¬ 
lem,  both  on  boundaries  and  in  the  interior.  Finite  elements  provide  the  most  convenient 
framework  fui  the  mathematics  as  well  as  for  the  implementation. 

We  will  present  a  new  finite  element  method  for  computational  electromagnetics  on 
unstructured  grids.  The  method  is  fast,  easy  to  implement,  and  2nd-order  accurate.  Al¬ 
though  we  use  low-order  elements,  the  method  can  be  shown  to  preserve  the  divergence 
constraints  ( V  •  B  =  0,  V  •  E  =  0  in  vacuum).  We  also  present  a  numerical  benchmark. 

1.  Introduction. 

There  has  been  great  interest  in  recent  years  in  calculating  electromagnetic  fields  in 
the  time  domain.  The  time  domain  is  especially  convenient  for  modelling  wide-baiid  pulses 
or  for  understanding  transient  effects. 
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To  be  truly  useful,  a  jood  method  must  be  geometrically  flexible.  This  rcquivcmeiit  has 
motivated  many  successful  researclr  efforts  using  both  flnitc  elements  and  finite  volumes’ 
These  methods  allow  solutions  to  be  computed  on  boundaiy-conforming  structured  mcshe.s 
or  on  unstructured  meshes.  The  freedom  to  choose  these  more  general  meshes  over  the 
traditional  rectilinear  finite  difference  meshes  is  crucial  for  geometric  flexibilty.  Wc  have 
concentrated  exclusively  on  unstructured  meshes  of  triangles.  We  feci  this  provides  max- 
li  luiii  flexibility  in  fitting  sample  points  to  the  problem,  both  on  boundaries  and  in  the 
interior. 

In  the  proces.s  of  designing  methods  for  plasma  simulation,  wc  have  investigated  sev 
oral  approaches.  We  have  previously  reported  our  experience  with  the  Taylor-Gale:kiii 
technique  applied  to  electromagnetics*.  The  Taylor-Galerkin  (TG)  method  is  a  gen¬ 
eral  high-order  method  for  hyperbolic  systems  that  has  been  used  sucessfully  in  fluid 
dynamics*.  Accurate  computatiotis  using  TG  have  been  reported  for  clcctromagm^tic  scat¬ 
tering  applications’”  and  we  have  successfully  implemented  a  plasma  particle  code  based 
on  the  technique” .  The  TG  schemes  are  highly  accurate  and  relatively  free  of  disiiersioii, 
However,  wo  have  found  that  they  arc  substantially  more  expensive  than  traditional  finite 
difference  time  domain  (FDTD)  methods.  In  addition,  there  is  nothing  in  the  conforming 
Galcrkin  formulation  to  guarantee  additional  constraints  that  ore  often  important  in  elec¬ 
tromagnetics.  For  example,  while  our  TG  computations  we  globally  quite  accurate,  they 
nonetheless  produce  spurious  local  divergence  errors.  Although  these  errors  we  bounded 
by  the  order  of  the  method  to  relatively  small  flues,  they  arc  potentially  troublesome  for 
certain  applications,  particularly  those  that  seek  to  incorporate  charged  particles. 

Our  sewch  for  a  better  particle  code  field  solver  has  led  uo  to  some  unconventional  ap¬ 
proaches.  One  of  the  most  appealing  has  been  described  by  Nedelcc''  who  constructs  special 
elements  appropriate  to  vector  fields  on  whicli  constraints  are  imposed.  Nedelec’s  elcinentH 
have  specific  degrees  of  freedom  which  constrain  the  vector  field  represented  by  them  to 
conform  to  the  special  Hilbert  spaces  H{div,  0.)  or  H{curl,  ft).  A  variational  formulation 
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may  then  be  applied  directly  to  the  vector  components.  ThLs  yields  a  finite  element  for¬ 
mulation  whicli  satisfies  the  desired  constraints.  On  Nedelec  s  elements,  the  tangential  or 
normal  components  are  constant  or;,  and  therefore  continuous  across,  interelement  bound¬ 
aries.  It  is  this  property  that  causes  them  to  be  conformal  in  the  Jif  (<iiv,  fl)  or  H\^cui  /,  SI) 
spaces. 

The  method  of  Nedelec,  while  appealing,  has  certjun  drawbacks  in  our  opinion.  It 
uses  a  complicated  variational  formalism  which  is  awkward  tc  interpret  in  the  usual  way 
(i.e.,  in  terms  of  shape  functions  and  test  functions)  and  awkward  to  implement.  We 
have  endeavored  to  obtain  a  simpler  method  based  on  weighted  residuals  by  using  non- 
conforming  shape  functions.  Wc  regard  our  method  as  the  noii-ccixfornung  equivalent  of 
Nedelec’s  formulation.  The  new  method  retains  tlic  divergence-conserving  properties  of 
Nedelec  and  is  fast  and  easy  to  implement.  In  addition,  our  method  becoine.s  identical  to 
finite  differences  on  an  eqxiilateral  triangular  mesh  (with  its  dual  regular  hexagonal  lattice) 
and  thereby  makes  good  contact  witli  traditional  FDTD  leclmiqucs. 


2.  Non- conforming  elements  in  and  H(curl,Q,). 

Our  non-conforming  formulation  relaxes  tlie  requirement  of  continuity  of  the  tangen¬ 
tial  or  normal  vector  components  acro,s.s  tlie  interolcment  boundaries.  Tlicsc  comijonenls 
are  required  only  to  be  mid[)oint-side  continuous.  A  suitable  shape  function  for  any  linfuu’ 
inteipolation  represented  by  sample  values  at  tlie  midpoint  of  tlie  sides  can  l>e  uniquely' 
derived.  This  shape  function  is  pictured  in  Figure  1.  Cousiiler  the  standard  mapping  of  an 
arbitrary  triangle  onto  tlie  lower-left  lialf  of  the  unit  square  in  tlic  two-diineiisional  (if,i;) 
space  (Figure  2).  We  may  define  two  typi’s  of  cleiiiciits.  An  element  tliat  is  non-conforming 
in  H{cxirl,  £2)  (Figure  2a)  expresse.s  tlie  vector  v  =  in  lire  form: 


v(  =  —  -  Dij  +  C 

v,i  =  +  At]  -  C 


(1) 
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where 


A  =V^U(3l  ^  =V^^|3  +  2U|2 

^  (2) 

C  =  ^  =V21'<3  +2U(i 

and  VdTijUiifjjVisfs  are  the  tangential  vectors  at  the  midpoint  of  eacli  side.  In  terms  of 
shape  functions 

Si  =  1  -  2^ 

S,  =  1  -  2,j  (3) 

S,  =  2{i+r,)-l 

V  is  expre.ssible  as 


V  0(1  fiSi  +  Oi.jfjSj  +  0(3  fa  S3  (4) 

One  can  readily  see  from  (1)  and  (2)  that  tliis  element  has  the  following  properties: 
(i)  the  curl  of  v  (in  the  a-direction  out  of  the  page)  is  a  constant  in  the  element  and  equal 
to  the  sum  of  eacli  tangential  component  times  the  lengtli  of  its  respective  side  divided  by 
the  area  of  the  triangle,  (ii)  V  •  v  =•■■  0. 

With  the  same  kind  of  representation  as  (4),  but  this  time  using  the  nonnal  projections 
{o„(P(  : »  =  1, . . , ,  3}  as  degrees  of  freedom  as  in  Figure  2b,  wc  obtain  the  non-conforming 
element  corresponding  to  H{div,^l).  Its  properties  are:  (i)  the  divergence  of  v  is  the  sum 
of  each  normal  component  times  the  length  of  its  respective  side  divided  by  the  area  of  the 
triangle,  (ii)  V  x  v  •  *  =  0. 

3.  Weighted  residual  formulation  -  —  TE  polarization. 

Once  the  unknowns  arc  expressed  in  temrs  of  their  basis  set  and  degrees  of  freedom, 
the  weighted  residual  (WR)  method  obtains  finite  element  relations  by  multiplying  the 
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residual  by  a  “suitable”  test  or  weighting  function,  setting  it  to  zero,  and  integrating 
over  the  problem  domain.  For  non-conforming  representations,  the  loss  of  interelement 
continuity  requires  that  the  integrals  be  performed  elementwise. 

By  using  a  WR  formulation  we  gain  the  necessary  freedom  to  satisfy  additional  con¬ 
straints.  However,  this  freedom  means  that  it  is  possible  to  derive  a  bad  method  by  choos¬ 
ing  “unsuitable”  test  functions.  A  successful  WR  method  is  often  found  by  serendipity  or 
by  trial  and  error.  Unlike  variational  methods  or  Galerkin’s  method,  a  WR  formulation 
is  normally  justified  a.  posteriori  by  examining  opecial  cases  and,  of  course,  by  performing 
computational  benchmarks. 

For  the  TE  polarization  pictured  in  Figure  2a,  let  the  electric  field's  degrees  of  freedom 
be  its  tangential  projections  at  the  midpoint  of  the  sides  and  its  basis  functions  be  the 
set  of  side  functions  {S;  ;  i  =  1, . . .  ,A',},  where  is  the  number  of  sides.  Let  B,  be 
constant  within  an  element  so  that  its  basis  is  the  set  of  constant  element  shape  functions 
{P,  ;  e  =  1 , . . . ,  A"j}  with  J^t  being  the  number  of  elements.  Faraday’s  law 

dB  r  1 

■^  =  -[VxE]-z  (5) 

becomes 

=  SiEifi]  •  £  =  -  52 ^  *  (6) 

e  i  { 

To  select  a  particular  element  e'  c  choose  as  our  weight  function  P,-.  We  then  multiply 
(6)  by  P,i  and  integrate.  Clec  ,  the  only  contribution  is  from  the  element  e'  and  the 
sides  connected  to  it.  Thus  we  obtain 


B,. 


(7) 
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The  notation  i  ^  e  is  taken  to  mean  side  i  connected  to  element  e.  Aj>  is  the  area  ef 
element  e'  and  £(  is  the  length  of  side  i.  Equation  (7)  obviously  makes  good  physical  sense. 
It  states  that  the  rate  of  change  of  the  element  value  of  B  is  minus  the  circulation  of  E. 
Next  consider  Ampere’s  law: 


f  ..-VxBS 


Its  form  in  the  chosen  representation  is 


(8) 


^  E.S.f,  =  c*V  X  ^  5.PeZ  (9) 

I  e 

Let  us  leave  the  exact  form  of  the  weight  function  unspecified  for  the  moment  and  assume 
that  there  exists  a  function  Wj  of  bounded  support  which  is  constant  on  side  j  and  vanishes 
outside  the  elements  which  have  side  j  in  common.  The  WR  prescription  is 

^  Ei  ^  WjSida^  Ti  =  c"  ^  iJ,  ^  X  z  (10) 

where  fJj  is  the  support  of  Wj.  We  see  that  the  right-hand  side  of  (10)  is  ill-defined  since 
the  gradients  of  Pc  vanish  elementwise.  Thus  we  integrate  by  parts  obtaining 


where  Vj  is  the  boundary  of  the  support  of  Wj  and  n  is  normal  to  Fy.  One  natural  clioico 
for  Wj  is  the  non-conforming  linear  basis  function  Sj-  However,  we  have  found  that  this 
choice  is  incorrect  and  causes  signals  to  propagate  at  the  wrong  speed.  The  correct  choice 
is  a  similar  Umetion  Sj  wliich  has  1/2  the  slope  of  Sj.  That  is,  Sj  is  equal  to  one  on  side 
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j  and  goes  to  zero  on  a  line  joining  the  midpoints  of  the  remaining  two  sides,  while  Sj  is 
one  on  side  j  and  goes  to  zero  at  the  vertex  opposite  side  j.  The  left-hand-side  of  (11) 
contains  a  matrix  expression  which  may  be  lumped.  The  lumped  mass  contribution  from 
each  of  the  two  elements  is  Ae/3.  Multiplying  by  fj  and  carefully  evaluating  the  interior 
and  the  surface  contributions  yields: 


Ej  =  c“ 


(12) 


Relative  to  side  j,  (-)  refers  to  the  element  in  (opposite)  the  direction  z  ^  fj.  We  may 
also  replace  the  areas  associated  v/ith  the  mass  matrix  with  expressions  in  tenns  of  the 
altitude  lengths  hj+,hj-  obtaining: 


Ei 


_  2  (•^J+  EjJ) 
ii^3+  + 


(13) 


In  this  form  it  is  plain  that  if  the  mesh  were  equilateral,  the  update  on  the  tangential 
component  of  E  would  simply  be  times  the  difference  between  values  of  B  at  the  Voronoi 
points  of  the  two  triangles  common  to  that  side. 


4.  Weighted  residual  formulation  —  TM  polarization. 

For  the  TM  polarization  pictured  in  Figure  2b,  let  the  magnetic  field’s  degrees  of 
freedom  be  its  normal  projections  at  the  midpoint  of  the  sides  —  again  letting  its  basis 
functions  be  the  set  {5,}.  Let  be  linear  within  an  clement  as  interpolated  from  values 
at  the  vertices  so  that  its  basis  is  the  set  of  linear  element  shape  functions  {N„  :  r  = 
1, . . . ,  }  with  being  the  number  of  triangle  vertices,  fhraday’s  law  in  this  polarization 

f  =  ~Vx£lx  (14) 

becomes 
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Lm 


=  -V  x  EM  (15) 

t  n 

The  appropriate  test  function  for  a  side  j  is  again  the  test  function  Sj  altikough  in  this 
case  no  error  occurs  if  Sj  is  used  instead.  Integrating  we  obtain 

Bi  ^  =  -  L  SjVN^dilj^  X  i  (16) 

In  this  instance  the  lumped  mass  matrix  contribution  to  side  j  from  each  element  e  is 
2At/3.  After  taking  the  scedar  product  with  Oj,  we  notice  that,  on  the  right-hand  side, 
the  only  vertex  contributions  are  from  those  joined  directly  to  side  j.  Evaluation  of  (16) 
eventually  leads  to  the  very  simple  expression 


Bi  =  - 


where  +  (-)  refers  to  the  vertex  in  (opposite)  the  direction  z  x  Cj.  Once  again  we  have 
an  expression  that  malces  good  physical  sense.  It  states  that  the  update  on  the  normal 
component  of  B  at  the  midpoint  of  a  side  is  just  equal  to  the  difference  between  the  values 
of  Ex  at  each  end  divided  by  the  length. 

We  next  turn  to  Ampere’s  Law  in  this  polarization; 


=  c'"  [V  X  B]  •  i 


In  terms  of  the  basis  functions: 


53i;„iv..  =  c^vx  [53Bi5.r,]-£  (i9) 

n  i 

We  choose  as  our  weighting  function  the  linear  vertex  shape  function  JV„, ,  Because  our 
non- conforming  element  representation  for  B  has  vaniehing  elementwise  curl,  we  must 
integrate  by  psuts  in  this  case  as  well.  Thus  we  have 
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(20) 


NnN,jn,n 


=  -c"  ^  SiVN„,da„,^  X 


l/j  ■  z 


iV,„5,(/r„,n  1  X  i/i  •  z 


where  U,„  is  the  support  of  Nm  and  Fm  is  Uio  boundary.  The  ma.ss  matrix  contributions 
in  this  instance  are  the  familiar  lumped  mass  contributions  associated  with  conforming 
linear  elements.  That  is,  each  clement  c  contributes  Ae/3.  Although  somewhat  tedious, 
careful  evaluation  of  (20)  yields  the  uncoinjdicatcd  expression 


£^t)i  — 


(21) 


A./3 

where  +  or  -  refers  to  elements  to  the  right  or  left  respectively  of  side  i.  Using  the  relation 
between  the  area  of  cacli  triangle  and  the  length  of  the  altitude  along  the  normal  directions 
Vi  one  may  develop  a  straightforward  iiiteipretatioii  (21)  for  an  equilateral  mesh.  In  that 
case  the  sum  in  the  numerator  is  the  sum  of  the  normal  component  Bi  times  the  distance 
between  the  Voronoi  points  of  the  two  adjacent  triangles.  Dividing  this  sum  by  the  enclosed 
area  yields  a  reasonable  approximation  to  the  curl  about  vertex  m. 


5.  Implemention  and  benchmark. 

Equations  (7),  (12),  (17),  and  (21)  constitute  the  new  weighted  residual  method,  lu 
the  spirit  of  traditional  staggered  finite  difference  methods,  we  use  a  leapfrog  approximation 
to  the  time  derivatives.  Given  a  list  linking  elements  with  vertices  and  elements  with 
sides,  the  WR  equations  require  only  atttughtforwaxd  gather  and  scatter  operations  for 
implementation.  The  electric  fields  are  expressed  at  timelevel  k  and  magnetic  fields  at 
timelevel  fc  +  5.  Although  space  does  not  permit  it  here,  it  may  be  shown  that  these 
equations  have  the  required  symmetry  properties  that  preserve  the  divergences  of  E  and 
B  exactly  (to  roundoff)  in  the  vacuum.  The  degrees  of  freedom  representing  the  fields 


are  natural  for  enforcement  of  boxmdary  conditions.  Specifically,  boundary  conditions  are 
enforced  by  setting  Ei  (E-tangential)  and  Bj  (B-normal)  at  the  midpoint  of  boundary  faces 
and  by  setting  E„  (E-tangential)  at  boundary  nodes. 

We  present  a  numerical  benchmark  showing  that  the  WR  method  obtains  reasonably 
accurate  results  for  a  scattering  problem.  Figure  3a  shows  a  portion  of  the  mesh  around 
a  circular  obstacle.  For  this  test  a  plane  wave  of  wavenumber  k  is  incident  from  the  left. 
Relative  to  the  radius  a  of  the  circle,  ka  —  5.  The  observation  point  is  one  radius  ahead  of 
the  circular  boundary  on  a  line  joining  the  center.  The  Courant  number  i.s  0.25.  Figure  3b 
compares  the  computation  with  the  analytic  result.  We  can  see  that  the  computed  solution 
has  some  dispersion  and  a  small  pha.se  error,  but  i.s  a  rea.sonably  good  approxiin.ition  to 
the  true  result. 

We  have  presented  a  new  finite  element  method  for  triangle  grids  that  has  many  useful 
properties  in  common  with  traditional  staggered-incsh  finite  difference  schemes.  Indeed,  it 
reduces  to  a  straightforward  finite  difference  scheme  on  an  equilateral  mesh.  Unlike  many 
methods  that  have  been  proposed,  it  is  simple  to  implement  anrl  fast.  It  does  not  require- 
a  Voronoi-Dclaunay  mesh  or  any  other  special  mesh.  Benchmarks  thus  far  suggest  that 
the  method  is  2ud-ordcr  accurate  for  smooth  meslics;  i.e.,  the  same  relative  accuracy  as 
standar-d  FDTD  methods, 
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Figure  3a 
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‘Virtual  Particle’  Electromagnetic  Particle-Mesh 
Algorithms  for  Microwave  Tube  Modelling 
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Abgtriict 

Virtual  Particle  algorithms  are  new  charge  conserving  Unite  element  PIC  schemes 
which  combine  good  physical  accuracy,  geometrical  Dcxibility  and  computational  speed. 
Their  derivation  is  outlined  and  illustrated  by  a  2-D  polar  example.  Numerical  noise 
control  is  used  to  reduce  the  number  of  superparticles  needed.  Dispersion  analysis 
shows  less  mesh  dependence  ami  better  numerical  stability  than  conventional  PIC. 
Some  illustrative  application,  including  video  animations,  are  given. 


1  Introduction 


The  ‘Virtual  Particle'  particle-mesh  algorithms  provide  a  new  approach  to  solving  the  rela¬ 
tivistic  Vlasov-Maxwell  equations.  They  differ  from  the  usual  Particle-in-Cell  (PIC)  schemes 
in  that  they  are  derived  using  Unite  elements  in  both  space  and  time.  Virtual  particles,  from 
wliich  current  is  assigned  to  element  nodes,  are  placed  at  special  points  interpolated  between 
particle  positions  at  successive  timelevels;  this  procedure  automatically  leads  to  charge  con¬ 
servation,  so  ebminates  the  need  to  refer  to  charge  density  and  to  Poisson's  equation  in  the 
main  calculation  loop.  The  advantage  of  the  new  schemes  over  PIC  is  that  they  combine 
good  physical  accuracy,  geometrical  flexibility  and  computational  speed  -  indeed,  they  are 
well  suited  to  parallel  computer  architectures. 


2  Derivation 

The  mathematical  model  we  consider  is  the  relativistic  Maxwell- Vlasov  set.  If  the  distribu¬ 
tion  function  is  represented  by  a  set  of  sample  points  (i.e.  superparticles) 

/(x,  p,i)  =  -  ’‘s(<))^(P  -  P»(‘))  ) 


ess 


where  (x„,p,)  ;  jE[l,iVy]  are  the  coordinates  of  the  Np  superparticles,  eadi  of  mass  M  = 
N,ma  and  charge  Q  =  N,q,  then  the  Maxwell- VImov  set  may  be  written  in  terras  of  the 
action  integral 

where  B  =  V  X  A  and  E  =  -S7(j>  —  Treating  /  as  a  functional  of  the  vector  potential 
A,  the  scalar  potential  ^  and  particle  coordinates  {Xj,}  leads  to  Euler-Lagrange  equations 
which  reduce  to  Maxwell’s  equations  and  the  relativistic  equations  of  motion.  More  extensive 
discussions  of  this  are  given  in  references  [5,  6], 

The  finite  clement  approximations  to  the  Maxwell-Vlasov  equations  are  obtained  by  substi¬ 
tuting  test  function  approximations  for  potentials  <j>  and  A,  and  particle  coordinates  Xg  into 
Eq.(  2)  and  taking  variations  with  respect  to  the  unknown  nodal  amplitudes. 

Variations  wri.  to  ^  yields  a  discrete  form  of  Gauss’  Law,  plus  a  prescription  for  charge 
assignment.  Variation  wrt.  A  gives  Atnpete's  Law  and  the  current  assignment  prescription, 
and  variations  uiri.  particle  coordinates  give  discrete  equations  of  motion  and  the  prescription 
for  force  interpolation.  Explicit  reference  to  A,4>  and  charge  density  p  can  be  eliminated  by 
using  the  homogeneous  Maxwell  equations.  The  result  is  a  fast  and  accurate  timestepping 
scheme  where  p  need  not  be  accumulated,  and  charge  conservation  corrections  such  as  Poisson 
equation  solutions  for  longitudinal  electric  field  cofcction  [3]  or  “pseudocurrents"  [4]  are  not 
required. 

A  whole  family  of  virtual  particle  schemes  may  be  generated  by  choosing  appropriate  element 
geometry  and  trial  functions.  If  the  procedure  is  swrcectly  followed,  these  schemes  will 
automatically  have  the  charge  conserving  property. 


3  A  2-D  Example 


We  use  a  two  dimensional  polar  (r,  z,  i)  transverse  magnetic  (TM)  model  and  the  lowest  order 
conforming  rectangular  brick  elements  to  illustiate  the  practical  realisation  of  the  method 
outlined  in  section  2.  On  a  uniform  net  of  elements,  this  choice  leads  to  a  numerical  scheme 
similar  to  that  using  the  usual  interlaced  TM  finite  difference  mesh  (2). 

For  clarity,  we  work  with  units  which  give  length  unity  sides  to  elements  and  £  D,B  =  H. 
The  potential  and  field  trial  functions  become  a  mixture  of  piecewise  linear  (L)  and  constant 
(C)  functions  of  the  coordinates  (r,z,i).  Fields  are  respectively  (C,  L,  C),  (L,  C, 

C)  and  (C,  0,  L)  in  (r,  z,  t).  This  choice  leads  to  node  locations  shown  in  figure  1.  Variations 
wrt.  tj)  and  element  assembly  give  the  global  discrete  approximation  to  Gauss’  Law 

d,{rapE,)  drira.Er)  -  q  (3) 
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Figure  1;  Location  of  element  nodco.  Values  of  p  and  ij>  are  stored  at  comers,  E,)  and 
{It,  It)  at  sides  and  Ef  at  the  centre. 


where  difference  operator  d,  and  9,  (and  averaging  operators  a,  and  a,)  respectively  act  on 
the  indices  I  and  m: 

3tff,m  =  fti-l/t.m  —  fl-l/S,m  i  0‘sft.m  =  +  ift.m  +  ft+l,m)/^  (4) 

Sitnilar  expressions  hold  for  9^  and  a,  on  index  tn  and  d,  and  Ot  on  the  time  index  n.  In  Eq.( 
3  ),  the  choice  of  (L,  L,  C]  support  for  ^  implies  that  g  is  accumulated  using  CIC  (Cloud  In 
Cell)  in  r  and  a,  and  NGF  (Nearest  Grid  Foint)  in  i  [1] 

Variations  wrt.  A  and  assembly  give  the  discrete  approxiiuations  to  the  components  of 
Ampere's  Law 

d,(ra,E.)  =  9,(raii?s)  -  I.  ;  9j(ra,£:,)  -  -d,{ra,Be)  -  4  (5) 

ajid  the  NGP/CfC  virtual  particle  current  assignment  prescription.  Faraday's  Law  becomes 

dtB,  =  BtE,  -  d.E,.  (6) 


Note  that  these  equations  for  the  fields  differ  from  the  usual  finite  difference  equations  only 
ill  the  appearances  of  the  averaging  operators  in  Eqs.(3)  and  (5). 


To  maintain  explicit  forms  for  the  equations  of  motion  we  assume  that  particle  pot  itions  are 
constant  over  the  interval  from  tiinelevel  n  —  1/2  to  n  +  1/2,  and  use  a  weak  approximation 
for  the  momentum.  This  yields  the  usual  finite  difference  expression 


pn+l/S  _  p„-l/S  ^ 


E’’(x")  d-  V"  X 


(B-+1/J  q. 

2 


(7) 


where  V"  =  (v”+VJ  v”~V^jy2  and 


x"+'  =  x"  d  v"+V»Af 


(8) 
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The  fields  at  particle  locations  are  the  value  of  the  finite  element  fields  at  that  point.  Tims, 
for  this  example,  H,  is  the  NGP  in  z  and  CIO  in  r  interpolant  of  the  nodal  values,  Er  is 
CIC/NGP  and  Bg  is  NGP/NGP  .  etc. 

The  choice  of  trial  functions  prescribe  the  charge  and  current  assignment  schemes.  For  a 
unit  charge  at  position  {z,r)  wrt.  the  SW  corner  of  a  unit  side  element,  the  charges  assigned 
are:- 

SpUE  =  2r  SpNW  =  (1  - 

SpsE  -  ■*(1-1')  Spsw  =  (1- *)(!-*■)  ^ 

Currents  assigned  from  a  trajectory  segment  of  length  (Ai,  Ar)  and  mean  position  (z.f) 
are.- 

SIn  ~  rAz  Sis 
Sin  =  SIw 

It  can  be  shov/n  that  assignment  according  to 
charge  conservation  law,  dtq  =  -3.,/j  8,1,  ■ 

The  timestep  loop  for  this  example  comprises;- 

(1)  advance  positions  using  Eq.  (8) 

(2)  accumulate  currents  using  Eq.  (10) 

(3)  update  fields  using  Eqs.  (5)-(6) 

(4)  update  momenta  using  ICq.  (7) 

(h)  go  to  (1). 


=  (1  —  r)Az 
=  (l-z-)Ar 


(10) 


Eqs.  (9)  and  (10)  identically  satisfies  ihe 


4  Noise  Control  using  TCA 


The  algorithms  derived  using  the  variational  time  centred  formulation  arc  lossless,  apart  from 
radiation  and  particle  fluxes  through  the  boundaries.  The  small  number  of  simulation  super- 
particles  and  discontinuous  cu.ncul  assignment  enhances  current  iluetualiuns  above  those  in 
the  physical  counterpart.  The  noise  radiation  field  depends  on  all  past  lluctuations  and  can 
rapidly  mask  collective  phenomena  being  studied.  The  obvious  expedients  of  increasing  the 
numbei  of  particles  and  refining  the  current  assignment  are  unattractive  because  of  larger 
computational  costs.  The  transverse  current  adjustment  (TCA)  scheme  allows  compulations 
tu  he  successfully  undertaken  with  particle  numbers  which,  In  its  absence,  would  be  too  small 
to  keep  noise  levels  acceptable. 

The  idea  behind  TCA  is  to  introduce  a  dissipative  solenoiUal  current,  jj,  which  attenuates 
noise  generated  by  particle  grainincss  but  leaves  collective  modes  and  charge  conservation 
unafTcclcd.  One  choice  which  has  inoved  both  simple  and  effective  is 

ja  =  m  Va  X  Vd  X  E(=  -  ]fl\  x  A.fi)  (11) 
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Figure  2:  (a)  frequency  il  versus  wavenumber  k  for  plane  BM  waves  on  a  FD  mesh  for 
wavevectors  along  a  mesh  axis  (0°)  and  mesh  diagonal  (45°)  using  Courani  number  0.5.  (h) 
As  (a),  but  for  the  FE  net.  The  curves  labelled  ‘exact’  are  those  followed  in  the  absence  of 
numerical  errors. 

where  Vj  is  the  discrete  gradient  operator  and  is  the  backward  lime  dilfereiice  operator. 
Equation  (11)  may  be  interpreted  physically  as  a  magnetization  current  or  numerically  as  a 
small  adjustment  to  the  time  centring  of  the  magnetic  field. 


5  Dispersion 

The  finite  clement  approximations  obtained  in  section  3  have,  like  their  finite  difference 
counterparts  a  Couraiit  stability  condition  cAi/£  <  1,  but  give  much  improved  dispersion. 
Figure  2a  shows  the  dispersion  of  light  waves  on  a  uniform  cartesian  net  for  the  standard 
TM  fda  [2j:  there  is  strong  anisotropy  and  12  <  k  introduces  the  possibility  of  numerical 
Cerenkov  instability  [7|.  Figure  2b  shows  that  the  oarresponding  FB  scheme  has  greatly 
improved  isotropy  and  no  Cerenkov  ir.»i,<ibility  (12  >  <c). 


6  Final  Remarks 


The  FB  formulation  outlined  here  provides  a  systematic  approach  to  obtaining  efiicient  and 
accurate  charge  conserving  algorithms  for  solving  the  coupled  Maxwell  Vlasov  equations.  The 
method  applies  equally  well  in  1,  2  or  3-D,  in  general  coordinates  and  for  general  element 
shapes.  Already  1-D  and  2-D  implementations  have  been  used  to  study  diodes,  MITLs, 
MILOs,  TWTs  and  multipaction.  Virleo  illustrations  at  this  conference  include  MlhO  and 
multipaction  simulation8(cf.  Figure  3).  Currently,  work  is  being  undertaken  on  developing 


B 
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Figure  3:  (a)  ilectron  density  scatter  plots  taken  from  tfce  startup  phase  of  the  video  ani¬ 
mations  of  a  6  cavity  MILO  rienice  and  (b)  electron  density  and  electric  field  vectors  in  a 
multipacting  coaxial  transmission  line. 

3-D  software  and  in  studying  the  implementation  of  the  VP  method  on  parallel  architecture 
machines. 
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A  New  Magnetic  Field  Analysis  For  Dynanrlcal  Problem 
Involving  Relative  Displacement  With  Time 

C.  IIAMAMURA.  M.OKABR.  T.UilMURA  and  K.  SATO 
MlTSilUBlSHI  ELHCTRIC  CO.  MATERIALS  &  ELECTRONIC  DEVICES  LAB. 

1-1-5T,  MIYASIIIMO,  SAGAMIIIARA,  KANACAWA.  220  JAPAN 

Abstract  In  order  to  understand  the  magnetic  performance  of  the 
rotating  machines  in  more  detail,  a  new  analytical  technique  for  simulating 
the  device  including  moving  parts  is  proposed.  A  concept  named  ” 
supplementary  region'  being  newly  introduced  allows  these  machines  to  be 
analyzed  by  FRM  taking  the  relative  motion  of  a  rotor  into  account.  This 
technique  is  now  applied  to  an  induction  motor,  and  results  in  that 
calculated  torque  characteristic  depends  on  the  rotor  position  and  that  its 
mean  value  is  in  good  agreement  with  measured  one.  In  this  paper,  the  new 
concept  and  the  computational  result  are  presented.  The  technique  reported 
here  is  one  of  the  promising  technique  to  calculate  the  more  interesting 
issue  of  the  transient  rotational  motion  of  the  rotor  with  eddy  current  . 

Intraduction 

The  magnetic  field  simulation  techniques  arc  one  of  the  most  efficient 
means  for  understanding  the  detailed  electromagnetic  performance  of  many 
devices.  Among  simulation  techniques,  a  'inite  clement  method  (FEM)  has 
been  widely  used  fur  the  sake  of  its  high  applicability  in  the  nnn-linear 
and  the  anisotropic  characteristics  of  a  magnetic  material.  However,  there 
is  few  report  on  the  application  of  the  method  to  magnetic  devices  including 
moving  electromagnetic  parts  (  rotating  machine,  linear  motor,  magnetic 
recording  system,  and  so  forth  ).  because  of  the  difficulty  in  generalizing 
the  modification  of  the  mesh  division  at  each  time  step.  In  the  case  nf  an 
induction  motor  that  has  a  slip  chiracterlstic.  the  computed  results  are 
not  satisfied  with  the  eyperimcntal  If  an  analysis  technique  does  not  take 
the  rotor  nuvenent  relative  to  the  stator  into  account.  Therefore,  to 
generalize  the  analysis  technique  based  on  the  FBH  for  such  a  dynamic 
problem  is  an  important  theme. 

Several  investigations  on  the  analysis  technique  for  the  dynamic 
problems  have  been  presented  in  the  literature.  They  can  be  roughly 

classified  into  a  few  methods.  For  the  method  using  FEU,  three  techniques 
are  proposed  as  follows:  The  first  technique  is  to  introduce  the 

movement  in  the  expression  of  the  field  equation.  But  it  Is  not  applied  to 
the  rotating  machines,  because  its  reluctance  is  strongly  dependent  on  the 
position  of  the  rotor,  although  this  equation  just  holds  in  the 
applications  where  the  reluctance  of  the  moving  part  does  not  vary  during 
the  movement.  The  second  is  the  combined  analysis  technique  with  a 
boundary  element  method  (BEM).  The  technique  can  take  any  movement  into 
account,  but  it  is  pointed  out  that  some  problems  are  left  to  be  solved  in 
terms  of  the  accuracy  adjacent  to  the  air  gap  and  an  increase  In  CPU  time 
due  to  non-symmetrical  coefficient  matrix.  A  local  re-neshlug  is  the  third 
technique  for  this  dynamic  probicn.  it  has  the  advantages  uf  taking  any 
movement  into  consideration  without  'ailing  the  symmetrical  characteristic 
of  the  matrix.  Especially  a  technique  using  a  moving  boundary  is  useful  In 


661 


that  the  mesh  distortion  caused  by  the  relative  Rovement  can  be  avoided. 

'  B'it  even  in  this  technique,  the  CPU  time  Increases  in  chanaing  the 
boundary  condition  at  each  time  step.  Therefore,  there  are  still  some 
probleuis  to  be  improved. 

in  this  paper.  «e  propose  a  nen  efficient  technique  for  soiving  the 
dynamic  problems.  By  introducing  a  nen  concept  named  'supplementary  region' 
.  the  FBU  can  be  applied  to  the  problems  that  has  a  non-linear  magnetic 
characteristic  including  eddy  current  and  a  mechanical  problem  with  the 
relative  motion.  The  principle  of  this  method  and  numerical  simulation 
results  for  a  three-phase  induction  motor  arc  described. 


Method  of  Analysis 

In  the  magnetic  field  simulation  on  the  rotating  machines,  such  factors 
as  the  magnetic  saturation,  relative  motion  between  rotor  and  stator  and 
the  coupling  field  formulation  with  the  external  circuits  should  be  taken 
into  consideration.  Furthermore,  data  modification  is  required  as  less  as 
possible  for  every  rotor  angular  position. 


Outline  of  the  technique 

Figure  1  shows  a  general  dynamic  model.  Usually,  an  analyzed  regianQa 
can  be  divided  into  two  regions;thG  moving  region  expressed  by  the  dotted 
partOr  and  the  stationary  region  Os  such  as  machine  stator.  Here,  a  closed 
pathr  shown  by  broken  line  surrounds  the  moving  regionQr,  and  it  must 
be  chosen  large  enough  to  allow  the  displacement  of  moving  object. 

To  simplify  the  calculation,  a  regiunQo  that  is  named  '  supplementary 
region  '  in  this  paper  is  introduced.  The  region  covers  a  moving  range  of 
moving  object  for  a  period  of  analysts  as  illustrated  in  Fic.l-(b).  By 
using  this  supplementary  region,  the  conditions  for  calculating  on  the 
regionQr  is  determined  at  each  time  step.  If  a  set  of  the  selected  data  on 
n,.  has  the  same  number  of  nodes  on  the  boundary  as  that  onP.  and  also  the 
same  number  of  elements  as  that  in  the  reglon^r  .  the  coefficient  matrix 
is  not  needed  to  be  recalculated  at  each  time  step.  It  is  clear  that  the 
restricted  geometric  condition  is  satisfied  in  the  most  of  rotating 


machines.  Figure  ‘i  shows  a  reconnecting  process  near  the  path  F. 
tlie  elements  and  nodes  in 
the  stationary  part  are 
not  changed  at  each  time  I  Iv I 
step,  they  are  left  out  of 
the  illustration.  I nwi 


r ig.  1  RtsiilioDBiilp 
u  goilyslE  god  supplvMtary  region 


klBiiQirisiSBi 


fig.  2  Diacretiuiioii 
prscss!  8«r  thsP 


klg-S  rin  diairaa 


662 


The  selected  elements  In  the  supplementary  reRion  determine  the  mesh 
division  in  the  moving  part.  Bach  number  expresses  the  relationship 
between  two  region.  The  flow  diagram  of  modifying  the  mesh  division  is 
shown  in  Fig.  3. 

Governing  equation 

in  the  magnetic  field  analysis,  the  governing  equation  is  often 
expressed  by  A  —  ^  method  derived  from  UaxwelTs  equation. 

rot  (  iotA)  =  Jo  fvrot  U- a  (  -|^  t  grad(^),  (1) 


where  A  is  the  magnetic  vector  potential,  the  electric  scalar  potential. 
u  the  permeability,  a  the  conductivity.  J  o  the  exiciting  current  density 
and  M  the  magnetization.  A  time-derivative  term  is  substituted  for  the 
discreteme  based  on  the  variation  method.  The  non-linear  equation 
including  the  magnetic  saturation  characteristics  of  magnetic  materials  is 
solved  by  the  Newton-Raphson  iteration  technique. 

When  the  distribution  of  exciting  current  J«  is  not  known,  it  is 
necessary  to  add  Kirchhoff's  equation,  that  expresses  a  relationship  between 
the  terminal  voltage  Be  and  electromagnetivc  force  induced  by  the  change  of 
the  magnetic  flux<l>  in  the  stator  conductor. 


Simulation  of  Actual  Performance  of  an  Induction  Hotor 


Description  of  analyzed  machine 

The  procedure  outlined  above  is  applied  to  the  case  of  an  induction 
motor  with  three-phase  four-poles,  operated  at  SOHz  and  squirrel-cage 
rotor.  Figure  4  illustrates  the  analyzed  area  on  a  quarter  of  a  whole 
cross-section  of  the  motor.  The  laminated  core  material  Is  non-oriented 


silicon  steel  5UA6Q0.  The  gross  core  length  is  175[mD]  The  outside 
diameter  of  the  stator  is  210[mm]  and  the  inside  is  134[mig].  The  air  gap 
length  is  0.45[mml.  The  type  of  rotor  cage  is  a  cast  aluminium,  and  its 


conductivity  is  2.88X10'  [s/m]  at  20  Xl. 


Field  model 

The  analyzed  magnetic 
field  on  the  cross- 
section  of  machine  core  is 
assumed  to  be  two- 
dimensional.  The 
electric  scalar  potential 
has  the  constant  value  In 
the  field,  because  the 
secondary  conductor  is 
connected  to  an  end  ring 

at  the  sides  of  rotor.  The  laminated  core  is 
treated  as  a  non-conductor,  and  the  magnetic  non- 
Ineartty  of  the  material  is  expressed  by  use  of 
an  initial  magnetization  curve.  The  shaft 
material  S3SC  is  also  assumed  to  be  non-conductor. 


rig.  4  Auiyied  field 


Fix.S  Antlysls  >nd 
lUiplBBitary  retlon 


An  analyzins  period  N  a-  is  the  time  required  to  be  duplic.ate  both  the 
magnetic  field  and  the  analysis  shape.  If  the  stator  has  Ns  slots,  and  the 
slip  value  and  the  pole  number  is  S  and  P.  respectively,  the  following 
relationship  in  terms  of  the  integral  number  N  in  the  steady  state  is 
sail. fled 


2  S  II  2^ 
P  ”  "  Ns  • 


(2) 


where  M  is  also  a  integral  number. 

Motion  of  the  rotor 

In  the  rotating  machine,  either  the  stator  or  the  rotor  can  be  used  as 
the  supplementary  region.  In  the  present  model,  the  whole  cross  section  of 
the  rotor  with  the  air  gap  are  used  as  the  supplementary  region.  Figure  5 
illustrated  the  regions. 

Figure  6  shows  the  variation  of  magnetic  flux  distribution  with  time 
and  the  enlarged  clement  division  near  the  gap  on  the  periodic  boundary  line 
at  slip'0,05.  The  enlarged 
figure  indicates  that  the 
mesh  division  of  the  rotor 
changes  in  relation  to  the 
rotor  position  at  each  time 
step  without  modifying  the 
nudes  given  the  boundary 
condition.  The  lime  required 
to  generate  the  analysis 
condition  at  every  lime  step 
(18  steps)  is  0.20[sec].  that 
includes  tlic  time  for  an 
input  of  the  initial  data.  ( 

The  computer  used  IBM  3090.) 


Torque  charactcrlsl c t_ 

For  calculating  the  electromagnetic  force  or  torque.  Maxwell's  stress 
method  are  commonly  used.  However,  it  has  been  known  that  the  method  has  a 
disadvantage  that  the  calculated  value  often  depends  on  the  selected 
surface.  ""  So  in  this  paper,  the  value  per  unit  meter  T  is  calculated  as 
the  change  in  magnetic  flux  cP  multiplied  by  the  eddy  current  le  : 

T  -  le  l-l  =  -  oJ)-.  (  t  grad  0)ds  ,  (3) 

where  (7  is  a  rotational  angle. 

To  find  the  magnetic  flux  difference  term  in  eq. (3).  use  the  formula: 

30 .  A(^+  fls  )-A(e-  Os) 

TT  ^  ^ 

where  9s  is  an  angle  between  two  slots  of  the  rotor. 

Figure  T  shows  the  computed  result  of  the  torque  T  at  sllp’O.Ub.  it  is 
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cleir  that  the  torque  values  depend  on  not  only  the  exicitintt  current  but 
also  the  rotor  position.  In  this  rifture.  the  broken  line  shows  the  mean 
value  through  an  analysis  period  and  an  open  mark  is  measured  one  for 
comparison  with  the  computed.  The  calculation  value  is  in  good  agreement 


with  measured  one. 
Figure  8  shows  a 
calculated  torque  value 
at  another  slip  value. 
The  arbitrary  slip 
value  can  be  treated  by 
changing  the  analyzing 
period,  or  time 
required  to  be 
dupl icate  the  magnetic 
field. 


Fig.  7  Torque  Hlues  in 
i  period  11  slip  St 


Conclusion 

A  new  analysis  technique  allows  to  solve  the  problem  including  moving 
parts.  The  advantages  of  the  concept  of  the  supplementary  region  newly 
introduced  arc  that  the  symmetrical  characteristic  of  matrix  is  preserved 
at  each  lime  step  and  no  re-meshing  is  required. 

The  usefulness  of  the  technique  is  shown  In  the  case  of  an  induction 
motor.  The  time  required  to  modify  the  mesh  division  is  negligible  in 
comparison  with  the  time  required  to  solve  the  coefficieiil  matrix  .  This 
technique  io  also  efficient  fur  the  magnetic  lecording  device.  The 
simulation  being  taken  the  hysteresis  characteristic  into  account  is 
implemented  by  regarding  the  recording  medium  as  the  supplementary  region. 
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A  Time  Domain  Approach  to  Calculatin|{  Radar  Cross  Sections 

D.  W.  Hannony  and  G.  R.  Sain 
BDM  International,  Inc. 

Albuquerque,  NM 

The  potentially  large  benefits  of  using  finite  difference  techniques  to  calculate  the 
radar  cross  section  of  complex,  composite  targets  will  be  discussed.  Finite  differencing 
in  the  time  domain  will  be  used  to  calculate  the  near  fields  scattered  from  a  perfectly 
conducting  cube  and  a  solid  dielectric  cube.  A  broadband,  short  duration,  plane  wave 
pulse  will  be  used  as  the  excitation.  The  scattered  near  fields  will  be  transformed  to  the 
far  field  and  then  Fourier  transformed  to  calctilate  the  radar  cross  section  as  a  function 
of  frequency.  Numerically  generated  results  for  the  perfectly  conducting  cane  will  be 
compared  to  measured  data.  In  addition,  a  short  discussion  on  the  nur  't;.i  benefits 
and  limitations  of  the  approach  will  be  presented. 


A  2  D  Finits-Volume  Time-Doniain  Technique 
for  RCS  Evaluation 


by 

Richard  Holland,  Vaughn  I*.  Cable  and  Louis  Wilf»oh 

ABSTRACT 

ThU  paper  dcscribeti  and  tests  a  method  for  computing  electromagnetic  scattering  from  S-D  metallic 
bodies  using  a  generalization  of  the  FDTD  Yee  algorithm,  in  which  a  nonorlhogonal  piecewiie-liiu'ar  con- 
funiiing  incalk  may  be  applied.  Results  (or  2-D  T£  and  TM  scattering  from  a  shorted  s>curved  parallel  plate 
region,  and  from  a  2-D  circular  ojivc  are  presented.  !n  both  cases,  solutions  were  obtained  using  a  structured 
c^uadriUtcrai  mesh.  A  method  for  obtaining  scattering  by  a  circular  cylinder  using  the  same  basic  finite 
volume  formulation  with  a  fully  structured  meah  is  also  discussed.  The  circular  cylinder,  while  seemingly 
simple,  is  actually  a  stressing  case  of  the  meshing  algorithm  which  stretches  a  cartesian  grid  to  ht  a  curved 
geometry. 

The  primary  goal  of  thiu  work  is  to  model  oblique  or  curved  surfaces  in  the  time- domain  without 
btaircasiiig.  Examples  arc  presented  for  edge^un  TE  illurnuiatioii  of  an  ojive  which  demonstrate  that  120 
cclls/A  are  required  for  1  dP.  .;ccuracy  when  stairoasing  is  used,  but  only  15  cells/A  are  needed  with  conformal 
meshing.  Tlic  conformal-mcab  model  of  the  curved  parallel  place  region  accurately  predicts  the  first  SO 
depth  resonances  and  tiic  Hrut  2  widtli  resonances  IbrTE  Uluinination  directly  into  the  aperture.  Also,  TM 
scattering  from  iiic  curved  paruilel  plate  model  retains  suiue  Rdelity  with  as  few  os  d  celU/A,  while  staircased 
models  require  at  least  20  rclls/A. 


INTRODUCTION 

Tlic  majority  of  published  work  on  mo<lcliiig  curved  surfaces  in  time  domain  calculations  has  been  by 
de&crcVizing  tiie  curvature  into  stairsteps,  wliorc  each  step  corresponds  to  a  cartesian  cell  in  the  Yce  FDTD 
algorithm  [1].  The  inadequacies  of  this  approach  have  been  well  docunu:nted  [2]  ami  work  toward  lixing 
this  problem  is  progressing  in  a  number  of  directions.  These  include;  the  expression  of  Yce’s  algorithm  in 
curvilinear  coordinates  [3,11;  the  selective  application  of  Ampere  and  Faraday  contour  Integration  to  ^sliced" 
Yee  cells  [5];  and  the  generalized  oblique<ccll  rendition  of  Yee*s  algorithm  [0,7].  The  examples  and  work 
presented  in  tliis  paper  are  an  extension  of  the  latter  approach;  the  Yee  duaUinesh  algorithm  is  rewritten  for 
a  2'<iinx'nsional  quadrilateral  mesh  with  full  corrections  for  oblique  colls. 

Tlie.  algoritlmi  has  previously  been  tested  on  problems  of  scattering  by  a  2-D  circular  cylimiurusing 
an  unstructured  mesh  [2j.  In  this  paper,  llic  algoriUuu  is  tested  using  a  structured  nicslt  on  a  shorted,  s- 
sliaped,  parallel  place  region,  and  a  2-D  circular  ojivc.  All  t)f  IheHc  ohjec.tH  were  modeled  us  perfect  electrical 
conductors  (I’EC), 

The  ctfcctiveness  of  the  metliud  is  dnmouHtrated  by  the  reduction  in  meslt  density  from  the  staircased 
nictlmd  necessary  for  u  given  accuracy.  For  TE  scattering  by  the  F£C  ojivc,  the  structured  mesh  required 
15  ctdls/A  to  achieve  I  dU  accuracy  using  the  oblique  cells,  wherens,  up  to  12U  cc)ls/A  were  needed  when 
stuircaning  was  used.  For  the  s-curvo.d  parallel  plate  model,  some  resonances  were  predicted  with  as  few  w 
A  cclU/A,  wliilc  the  wtairCHSo.rl  model  required  at  least  20  ceUa/A  to  achieve  tlic  same  fidelity. 

2-D  FINITE  VOLUME  TIME -DOMAIN  (FVTD)  EQUATIONS 

The  following  equations  are  a  2-dinienslonal  implementation  of  the  FVTD  method  in  a  structured 
quadrilateral  mesh.  Figure  1  illualratcu  the  mcBh-cnnr<linatc  relatiuiishipR  used;  c.g.,  Spn  primary  cell 

lUdiard  lioUoiid  it  at  1C36  lluiiuk  NE,  Albuqurrqu«,  NM  87tua. 

Vsiiglm  P.  Cable  luid  Ix)iub  Wjlsmi  are  wiUi  lA»cklie<4  Advanced  Dnvciopment  Cotupwty,  Bux  551,  Biubank,  CA  U1520. 
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edge  tangent  unit  vectors,  Np„  arc  primary  cell  edge  normal  unit  vectors,  and  Sdh  ate  dual  cell  edge  tangent 
unit  vectors.  The  2-D  structured  mesh  axes  correspond  to  ti  =  1,2. 

The  basic  relationships  used  for  the  froe-Bpace  advancement  of  E,H  are 


yy^iu^-  Np(/.4  =  -  y  E  ds  (1) 

dAp 

and 

yyso—  NodA  u.  /  H  as  (2) 

Atj  OAij 

where  dA  is  the  contour  which  bounds  primary  (dual)  eel)  face,  having  unit  normal  vector  Np  (Nd)  and 
area  Ap  this  same  face  is  pierced  by  a  dual  (primary)  cell  edge  having  unit  tangent  vector  So  (Sp)- 

This  curreaponds  to  the  clniisical  Yee  celt  notation;  ue.,  £  is  asw  ''lalcd  with  primary  cell  edges  and  H  is 
associated  with  dual  cell  edges. 

A  reduction  and  siniplificaiioii  of  (1)  and  (2)  to  2-D  yields 


,  d{u-Su) 

/;o/ip - -  =  poAp 


a(H  Np),^,  .,  .  .  ^  , 

- - (Np  •  Sti)  + - - (Npi  ■  Sd) 


O(HNpi), 


uiul 


(3) 


.  0{li-Sp)  . 

(OAU - 


■  No) 
01 


(Nn.Sp)4 


^(K  ■  Npi) 

at 


(Ndx-Sp) 


(4) 


In  (3),  a  hrst  order  uppoxiuuitic'  "i^j  ccll-obliquoitcss  is  obtained  by  using  only  the  first  term.  The  nt  ond- 
order  correction  comes  hy  a<ldliig  the  second  term,  where  N|»  X  N|»x  =  »».  m  which  ease  Npjx  =  Spa  and 
Npai  «  -  Spi-  Also,  in  (^t),  for  the  2-1)  Npi  is  parallel  to  dual-cell  edge  Sr,  witli  Ao  being  the 
appropriate  dual-celt  face  area. 

V'iguto  2  illustrates  the  Held  locatiouN  for  the  TM  chim*,  ami  the  WTl)  stepping  equatiims  with  second- 
order  corrections  arc 


(H.SD)?^‘(f,J)-(H  Sd)V(/,J) 
Ai 


=  -(N... . So, )(/,;) - 


{I,J) 


H-  (B) 


At 


^  (Np,  .So,)(i,./) - - 4  A, 


(«) 


At 

(H  ■  Sa)5(/,  J)UuAI,  J  -  1)  -  (H  ■  So)^(/  -  -i.J-  y 

(H  ■  So)’‘{l,J]Oot(I  -  1,  J)  -  (H  ■  Sp)Y(/,  J  -  l)I>fli(J  -  1,  J  -  1) 

<„Ao{l  -  l,J  -  i) 

where  the  second-order  coricctioiis  in  (5)  and  (d)  are  given  by 

and 
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lij  (8),  Cp[l  —  1,./)  ia  the  contour  integral  of  i£',(S/»2,(/,  +  5i>aj(/, on  the  face  boundary  of 

primary-cell  (/  —  1, ./)  having  face  area  Ap{I  —  i,/);  Cr(/,  J)  ia  the  contour  integral  on  the  face  lx>undAry 
of  primary-cell  {f^J)  having  fsice  area  Ap{I^J)\  and  5i>js  and  Sp2y  arc  the  x-y  coinponciits  of  unit  vector 
Spj.  Tlie  Cp{l  1,  J)  contour  integration  ia  given  by 


Cp{I~lJ)  = 

2 

+  V)(/’.(A  y  +  1)  -  I’.UJ))  +  Spi,(I,J)(Py(l,}  +  1)  - 

2 

+  lEj.,.(/.jj(p.(/  -  i.J  + 1)  -  + 1))  -i  sp„(/,j)(Pf(/-  i,j  +  i)-  p,(/.j^i))] 

[K,(/-l,J4i)  +  A'.(/,7+lll 
2 

+  lSpj.(/, /)(/>.(/  -  1,^)  -  -  1,,/  +  D)  +  i>-,.i,(/.J)(P,(/  -  1,/)  -  ;>,(/  -  1,  J  +  1)}] 

(/v'.(/-i,;)  +  £,(/-i,j  +  i)i 

,  - _____ - 

and  Cf>(/,y)  in  obtained  in  a  aiiiiilar  nianncr.  Here,  Pt(I,J)  and  Py(l,J)  are  the  x-y  courdiuatea  of  tlic 
pritiiaty  cell  curnorn.  This  in  also  the  location  where  E,{I,J)  ia  calculated.  Similarly,  the  explicit  terina  in 
(U)  are  baaed  on  adjacent  primary  cella  (/,  J)  and  {l,J  -  1)  with  comiiioii-cdge  unit  vector  Spj(/,J)  (nee 
h'lgii.  1  and  2),  and  Cp{t,J  -  1)  and  Cp{l,J)  are  obtained  from  a  procedure  aitnilar  to  (10). 

The  above  expreeaiona  aaauine  the  aeeond  -order  correctioua  to  (H  •  Su)i  and  (11 .  Sd)x  arc  iinironii  over 
dp(/  —  1,  y),  /lj>(/i  J}  and  Ap([,  J  —  1),  and  that  E,  variea  linearly  around  face  edgea  which  hound  arcaa 
Ai>{i  ^1,  J),  Ai  (/,y)  and  Ap(/,  d  —  1).  Note,  primary  cell  (/,y)  ia  common  to  both  correction  calculationa, 
I'inully,  tile  aecond  order  TE  equatiuna  are  obtained  in  a  similarly  complex,  hut  itraightforward  munnur 

(8|. 


2-D  NUMERICAL  RESULTS 

In  order  to  test  the  formulation  documented  here,  calculatiuiw  were  iiiudo  oti  a  2-D  numerical  spece 
consisting  of  approximately  C600  cells  and  une<l  approxunatuly  2000  time  steps  in  each  case.  These  time- 
domain  reaulU  were  tlicn  transformed  into  the  fnxiuency  donsaui,  aud  llien  into  the  far  held.  In  all  cases,  a 
timc'diffnrentiated,  ])lanti  wave,  Gaunsiaii  pulse  was  used  to  illuiiiiiiato  the  obstacle. 

Ill  tlie  first  application,  the  paiallul-plate  region  was  illumiaated  with  the  Tb  mode  with  ko  along  tho  u 
direction  (i.c.,  0),  In  tliis  cose,  the  parallel- plate  region  supports  TKM  propagation.  The  scattering 

cross  section,  <r(u;),  was  competed  using  each  of  the  ueai -to-far-'ticld  integration  contours  of  Fig.  3;  the 
inner-loop  is  adjacent  to  the  emved  plates  and  tho  oul*jr-luop  is  purposely  placed  outside  the  region  of 
nonorthogonal  meshing.  A  compaiison  of  the  two  results  determines  the  fidelity  of  electromagnetic  waves 
propagated  across  the  nonorthogonal  mesh.  Overlaid  curves  of  kr(w)  for  both  integration  contours  appear  in 
Fig.  4,  Olid  the  agreement  is  seen  to  be  very  good,  ui  least  up  to  600  MIU. 

The  uomiual  size  of  the  mesh  cells  used  in  this  case  ia  ^  meter  along  each  edge,  which  at  GOO  MHz 
corresponds  to  6  cells  per  wavelength-  We  can  conclude  that  the  nonorthogonal  mesh  with  the  second- 
order  correction  to  the  FVTD  equations  propagates  electromagnetic  simulation  possibly  even  bettor  than 
the  original  orthogonal  Vee  sclicme.  This  curious  result  was  also  noticed  by  Madsen  and  i£iolkovrski  [&J. 

The  resononcea  at  which  the  parsllel-placo  region  is  ^  ^  deep  ore  clearly  visible  in  Fig.  4,  os 

are  the  very  sharp  resonances  at  which  it  is  ^  and  A  wide.  These  transverse  resonances  imply  that  cross 
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coiii>ling  ha.s  tjcrurcd  hct.w(HMi  tlic  origiiuil  TEM  mode  and  a  parallel  plate  waveguide  inode  in  tlic  curved 
region. 

rig.  5  cunipures  47(u’)  fur  the  TM  case,  as  evaluated  on  the  baiuc  two  integration  contours.  AgieenietU 
is  again  l>cltcr  tlmn  Idl)  at  virtually  all  frequencies  below  COO  MHz.  V'or  the  I'M  case,  the  parallel  plate 
region  will  not  purport  TEM  propagation,  thus  the  TM  results  are  free  of  resonant  behavior  until  the  parallel 
region  is  at  least  ^  wide,  where  the  first  TKon  waveguide  mode  can  propi^ale.  Eig.  5  clearly  shows  the  first 
nine  depth  resonances  of  this  propagating  inode. 

Addibiunnlly,  scattering  in  the  TM  ease  was  computed  for  illuiiiiiiatiou  from  above  ~  ->90°) 

niui  below  (0*"'  =  +90“).  llcsulls  for  the  inner  and  outer  integration  contours  appear  in  Firh.  6  and  7. 
Ucsonaiiccs  principally  occur  whore  the  conducting  plate  path  is  ^  iiA  around  (duct  is  lung).  Note, 

the  -  1  90°  ease  involves  elcolromagnelic  propagation  ncrosa  20  cells  which  are  8  cm=:^  long  at  000 
Mllz. 

(lulciilaliium  hn-  scattering  by  an  ojivc-cylindcr  10  meters  long  and  1  meter  thick  at  tiie  midpoint  have 
also  hev.n  pert’ornied  using  the  second  ordt.T  fornmluiioii.  Figure  8  shows  the  overall  coufurnml  mesh  with 
inner  and  outer  integration  contours,  and  Fig.  f)  illustielcs  the  details  near  the  left  tip  of  the  ojivc.  liesults 
for  c<ige-i)u  +'1'.-  scattering  appear  in  Fig.  10.  RcsulU  from  a  staircased  analysis  of  this  I’E  configuration, 
the  dotted  curve,  become  disastrous  at  the  point  which  corresponds  to  121)  staircased  cclU/A.  Conformal 
ccIIh  for  the  FVTL)  model  are  about  8  ccnttuiclers  on  aside  (9.3  cells  per  wavelength  at  40U  Mllz),  and  good 
ugrceiiu'ut  is  seen  Ubing  inner  and  outer  loop  near  to  -for  field  ttansformaiioii  contours  at  frequencies  up  to 
2^0  MHz  (15  cells  pi!r  wavelength)  for  the  TE  case.  The  TM  edge-on  results  in  Fig.  11  deteriorate  at  a 
Klightly  lower  frequency.  Note,  Fig.  11  shows  coimuleraldy  more  amplitude  (dU)  resolution  than  Fig.  10. 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  purpoM'  of  this  work  is  to  validate  tlie  FVTD  apjiroach  in  2-1).  and  thus,  to  reduct;  llie  risks  before 
proceeding  with  the  truly  inonuinentai  t.rsk  of  developing  a  3-D  FVTI)  algorithm.  The  resutU  presented  here 
iiidicute  that  the  FVl’O  approach  is  well  suited  to  tiiodeliug  curved  Burf(u:es  and  the  puyulf  for  its  extension 
to  3-U  is,  therefore,  likely  be  worth  the  effort.  As  a  closing  nolo,  the  FV+'U  approach  is  still  not  expected 
to  oase  tile  funduincntul  problem  of  turning  a  physical  pruhhnu  space  into  a  successful  solution  mesh,  and 
tiignificnnl  work  in  this  urea  is  continuing. 
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Abstract 


Tho  objective  of  the  research  reported  here  was  to  determine 
if  FDTO,  using  cubical  cells,  could  be  applied  successfully  to 
computation  of  UCS  for  smooth  bodies  of  revolution  composed  of 
lossy  dielectric  materials.  The  bodies  considered  were  a  sphere, 
an  oblate  spheroid,  and  a  sphere-cone-oblate  upheroid.  These 
shapes  were  chosen  to  provide  a  challenge  to  the  VDTD  method,  and 
also  because  results  cotaputed  using  other  methods  were  available 
for  comparison.  These  shapes  were  modeled  in  three  dimensions 
using  cubical  cells,  and  RCS  calculations  were  made  by  Fourier 
transform  of  the  far  zone  time  domain  scattered  fields  computed 
by  FDTD. 

The  results  were  compared  with  the  Mie  series  for  the  sphere,  and 
with  T-matrix  results  for  the  other  objects.  The  agreement  was 
quite  good,  indicating  that,  at  least  for  tlie  examples 
considered,  the  FDTD  method  with  cubical  cells  produced 
satisfactory  RCS  results  for  smooth  bodies  of  revolution. 


The  Finite  Difference  Time  Domain  (FDTD)  method  has  seen 
increasing  application  in  the  prediction  of  Radar  Cross  Section 
(RCS)  of  targets  with  a  wide  variety  of  shapes  and  material 
composition.  While  good  results  have  been  reported  for  simple 
targets,  such  as  perfectly  conducting  flat  plates  [1], 
difficulties  with  targets  which  include  smooth  surfaces  have  been 
reported,  especially  when  these  are  modeled  using  cubical 
computational  cells.  This  "staircase"  effect  can  be  a  serious 
problem  in  calculating  low  level  RCS  from  some  targets,  and 
considerable  effort  is  currently  be  expended  in  solving  this 
problem  [2-4], 
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While  recognizing  that  stalrcaslng  errors  can  he 
significant,  it  was  conjectured  that  for  many  RC£>  calculations, 
especially  for  penetrable  targets,  the  staircasing  errors  should 
be  small  since  much  of  the  scattered  energy  would  coma  from 
inside  the  scatterer  volume.  In  addition,  even  for  perfectly 
conducting  scattarors,  eKcept  for  certain  pathological 
situations,  the  staircasing  effect  would  tend  to  average  out, 
providing  a  good  estimate  of  the  RCS  level  for  the  target.  The 
purpose  of  this  paper  is  to  demonstrate  the  accuracy  of 
"staircased"  cubical  cell  FDTD  for  some  particular  examples.  The 
geometries  considered  h<'re  are  a  sphere,  an  oulate  spheroid,  and 
a  sphere-cone-ohlate  spheroid. 


Figure  1  Time  domain  far  zone  electrlv  field  scattered  by  a  20  cm  radius  PEC 
sphere  using  FDTO. 


Results 

The  first  example  is  ecattering  from  a  20  cm  rtidlus  sphere 
composed  of  either  perfect  electrical  conductor  (PEC)  or  lossy 
dielectric.  In  both  cases  the  sphere  is  modeled  using  1  cm  FDTD 
cubical  cells. 
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Figure  1  shows  the  FDTD  computation  of  the  far  zone  time 
domain  scattered  electric  field  from  the  PliC  sphere.  The  1/R 
dependence  (where  R  is  measured  from  the  sphere  canter)  of  the 
far  zone  fields  is  suppressed.  Thera  is  an  initial  (negative) 
scattered  pulse  as  the  incident  pulse  strDees  the  front  surface 
ot  the  sphere,  (positiva)  scattered  energy  from  the  curved  sphere 
surface,  and  then  a  final  (negative)  pulse  due  to  creeping  waves 
traveling  around  the  sphere.  This  far  zone  wide  bandwidth  time 
domain  result  was  obtained  using  the  approach  described  in  [1). 


Figure  2  Back  scatter  cross  section  of  20  cm  radius  PEC  sphere  computed  using 
FDTD  compared  with  the  exact  solution. 


Figure  2  shows  the  FDTD  radar  cross  seotion  of  the  sphere 
(determined  by  taking  the  Fourier  transform  of  the  time  domain 
result  in  Figure  1  and  dividing  by  the  Fourier  transform  of  the 
incident  pulse)  compared  with  the  exact  solution.  The  agreement 
is  excellent  at  low  frequencies,  and  even  at  higher  frequencies 
tracks  the  exact  solution  reasonably  well.  More  accurate  results 
could  be  obtained  by  using  more  cells  to  model  the  sphere,  or  by 
utilizing  conformal  meshing  technlguec  to  reduce  the  staircasing 
error  [2--4]. 

While  the  focus  of  this  paper  Is  FDTD  scattering 
calculations  from  bodies  of  revolution,  the  next  example  also 
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Figure  3  Real  part  ol  complm  permlttlvlfy  of  0.25  dB  foam 
absorber  showing  actual  dispersive  variation  and  usual  FDTD 
approximation  taking  value  at  1.5  GHz. 


Figure  4  Imaginary  part  ol  complex  permittivity  of  0.25  dB 
foam  absorber  showing  actual  dispersive  variation  and  usual 
FDTD  approxImaUon  taking  value  at  1.6  GHz. 


illustrates  the  ability  of  the  FDTD  to  compute  scattering  from 
lossy  dispersive  materials.  A  sphere  made  of  0,25  dB  (the 
attenuation  rate)  dielectric  low  loss  absorbing  foam  was 
considered.  The  complex  permittivity  of  the  absorbing  foam 
material  is  shown  in  1'i.gures  3  and  4.  The  actual  behavior  of  the 
material  with  frequency  is  labeled  “DISPERSIVE".  The  dispersive 
nature  of  the  material  was  approximated  in  the  FDTD  computations 
using  the  method  described  in  [5].  The  curves  labeled 
"NON-DISPERBIVK"  indicate  how  FDTD  codas  which  do  not  include  the 
dispersive  effects  of  materials  would  approximate  the  behavior  of 
this  material. 
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Flyurs  6  Time  domain  far  zone  electric  field  scattered  by  a  20  cm  radius  0.25  dB 
absorbing  foam  sphere  using  both  dispersive  and  non-dlspersive  FDTD. 

The  far  zone  time  domain  scattered  electric  field  from  a  20 
cm  radius  absorbing  foam  sphere  made  of  the  material  of  Figures  3 
and  4  and  modeled  using  1  cm  cubical  FDTD  cells  is  shown  in 
Figure  5.  Results  caloulatad  with  both  dispersive  and 
non-dlspersive  FDTD  are  shown.  It  is  evident  from  the  figure 
that  the  scattering  behavior  Is  clearly  different  depending  on 
whether  or  not  the  material's  dispersive  behavior  is  included  in 
the  FDTD  calculations. 


686 


Figure  6  Back  scatter  cross  section  of  20  cm  radius  0.26  dB  low  loss  dielectric 
foam  sphere  computed  using  t)oth  dispersive  and  non-dlspersive  FDTD  compared 
with  the  enact  solution. 

Figure  6  comparea  the  two  FUTO  cross  sections  (obtained  from 
Fourier  transfoms  o£  the  data  in  Figure  5)  with  the  exact 
solution  (which  la  for  the  actual  dispersive  material) . 
Considering  the  "DliiFKKSlVK"  FDTD  calculation/  the  Improveaent  In 
accuracy  relative  to  the  PKC  data  of  Figure  2  can  be  seen.  The 
explanation  for  this  is  that  a  significant  portion  the  scattered 
energy  is  coming  from  the  interior  of  the  sphere,  so  that  "stair 
case"  errors  in  modeling  the  surface  do  not  introduce  as  great  an 
error  as  for  the  PEC  sphere  where  all  of  the  currents  are  on  the 
sphere  surface. 

Note  also  that  the  FDTD  method  has  accurately  predicted  the 
approximate  40  dB  reduction  in  cross  section  relative  to  the 
perfeotly  conducting  sphere  (the  high  frequency  limit  of  the 
corresponding  P£C  sphere  is  shown  by  the  solid  line  at 
approximately  -9  dQ) ,  illustrating  the  wide  dynamic  range  of  the 
method. 

The  next  geometry  is  an  oblate  spheroid.  Again  it  is 
modeled  using  1  cm  cubical  FDTD  cells.  The  major  and  minor  axes 
are  0.43  and  0.2B8  meters.  The  material  composing  the  oblate 
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spheroid  has  relative  penaittivity  2,  conductivity  0.1  S/m. 

These  parameters  were  chosen  so  that  the  T-Hatrix  solution  used 
to  validate  the  i'DTD  reaults  [6]  would  converge.  The  incident 
field  is  phi-polarized  from  a  direction  22.5  degrees  off  the 
major  (z)  axis.  The  computational  space  is  75  x  ?S  x  57  cells, 
and  2048  time  steps  were  run,  talcing  about  4  hours  on  a  silicon 
Graphics  4D220  GTX  work  station.  The  T-Hatrix  calculations  also 
required  approximately  4  hours  of  computer  time  on  the  same  work 
station. 


Flguro  7  Scattoring  from  oblato  sptierold  target  computed  using  FDTD  and 
compared  with  a  T-Matrix  solution.  The  otiate  splmcdd  has  relative  permittivity  2, 
conductivity  0.1  S/m. 


Frequency  domain  scattering  results  for  the  oblate  spheroid 
obtained  from  Fourier  transform  of  FUTD  time  domain  results  are 
shown  in  Figure  7  and  compared  with  T-Matrix  calculations.  The 
results  chow  good  agreement. 

The  final  body  of  revolution  scatterer  to  be  considered  is  a 
sphore-cune-oblate  spheroid,  this  time  modeled  using  2  on  FDTD 
cells.  The  oblate  spheroidal  end  cap  has  a  diameter  of  0.82 
meters  and  is  nearly  spherical,  the  spherical  end  cap  a  diameter 
of  0.246  m,  the  total  length  is  0.702  m,  and  the  cone  angle  is  85 
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Figure  8  Scattering  from  sphere-coneoblaie  spheroid  computed  using  FD  TD  and 
compared  with  a  T-Matrix  solution.  The  sphere-cona-oblate  spheroid  has  relative 
permittivity  2,  conductivity  0. 1  S/m. 

degrses.  The  incident  field  lu  phi-polarii:ad  from  a  direction 
22.5  dei^rees  off  the  smaller  end  (spherical)  of  the  major  (2) 
axis.  The  material  again  has  relative  permittivity  of  2, 
conductivity  of  0 . i . 

In  Figure  8  the  frequency  domain  scattering  cross  section 
computed  using  FDTD  is  compared  with  T-Katrix  results.  While  the 
T-Hatrlx  validation  code  would  not  converge  for  higher 
frequencies,  the  agreement  is  good  over  the  frequency  range  where 
comparisons  can  be  made. 


CongluBiBna 

Stalroasing  errors  due  to  modeling  smooth  surfaces  with  cvibical 
FDTO  calls  can  be  significant.  The  purpose  of  this  paper  is  not 
to  deny  this  fact,  but  rather  to  point  out  that,  fur  many 
geometries  involving  smooth  surfaces,  RCS  results  of  reasonable 
accuracy  can  be  obtained  using  "stairoased"  FUTD.  This  is 
especially  true  for  scatterera  composed  of  electromagnetically 
penetrable  materials,  results  presented  in  this  paper  showed 
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reasonable  accuracy  over  a  broad  bandwidth  for  three  different 
bodies  of  revolution,  with  the  FDTU  cell  size  being  approximately 
0.1  wavelength  on  a  side  at  the  highest  frequency  considered. 

Improved  accuracy  can  be  obtained  by  using  conformal  mashing 
methods.  However,  it  should  be  Kept  in  mind  that  these  tAethods 
require  considerable  more  resources  both  in  time  and  effort  to 
mesh  the  object  and  in  computer  time  needed  for  the  finite 
difference  calculations.  The  results  presented  here  ware 
obtained  using  a  relatively  inexpensive  work  station,  and  no 
advantage  of  symmetry  was  taken  to  reduce  the  computational 
requirements . 
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Abstract 

Coupling  ol  electromagnetic  fields  into  the  interior  of  complex 
aerospace  systems  is  a  problem  of  continuing  interest  .<nd  study. 
At  least  three  features  of  this  coupling  must  be  successfully 
treated  whether  the  treatment  is  experimental,  analytical  or 
computiitional .  The  features  are: 

-  highly  resonant  behavior  of  the  interior  response  in 
particular  the  current  response  of  any  interior  wires 

coupling  between  interior  partitions  or  cavities  in 
particular  via  waveguida-like  geometries 

effects  of  dense  interior  fill  in  particular  large  cable 
bundles 

In  an  earlier  effort  to  characterize  interior  coupling 
computationally  with  the  Finite  Difference  Time  Domain  (FDTD) 
Technique  the  highly  reoonant  response  of  interior  wires  has  been 
demonstrated.  In  this  effort  the  same  technique  is  applied  to 
coupled  waveguide  geometries  and  the  predictions  comparod  against 
experiment  to  validate  the  technique's  capability  in  this  area. 
Tne  technique  does  Indoocl  accurately  model  coupling  betwcon 
v/aveguides.  The  next  effort  will  be  to  successfully  model  dense 
interior  fill.  When  this  is  accomplished  it  is  expected  that 
FDTD  can  bo  used  with  reasonable  confidence  to  modal  interior 
coupling  on  a  real  world  complex  aerospace  system.  Wo  therefore 
view  validation  of  coupling  between  waveguides  ar  a  nacassary  and 
important  step  in  establishing  confidence  and  credibility  in  the 
use  of  the  FDTD  technique  in  interior  coupling  modeling. 


Introduction 

Waveguide  coupling  through  an  aperture  is  a  fundamental 
electromagnetic  problem.  It  has  been  approximated  reasonably 
well  with  aetho  small  hole  theory  [1],  and  with  some  more  recent 
modifications  of  it  [2].  However,  those  analytic  coiutlons  do 
not  apply  to  arbitrary  shaped  complex  waveguide  coupling 
structures.  Instead,  numerical  methods  have  to  be  used. 
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I’inite  Difference  Time  Domain  (FDTD)  method  has  proven  to  be 
a  very  promising  technique  for  time-domain  analysis  of  passive 
microwave  and  millimeter  wave  structures.  FDTD's  strength  is  in 
its  capability  to  modal  any  volumetric  structure  with  rectangular 
cells.  No  requirements  for  symmetry  or  smooth  surfaces  are 
needed.  better  modeling  is  of  course  achieved  by  using  more 
cells.  Additionally,  the  FDTD  code  can  handle  complei:  materials; 
lossy  and  anisotropic  dielectrics  as  well  as  ferromagnetic 
materials  are  currently  included  in  the  code  and  some  feasibility 
studies  have  bean  conducted  with  nonlinear  dielectrics  and  chiral 
materials . 

Recently,  FDTD  has  been  used  in  modeling  microstrip 
structures  [3],  [4]  and  in  predicting  aperture  coupling  for  a 
shielded  wire  [b].  These  results  suggest  that  FDTD  could  be 
successfully  applied  to  waveguide  coupling  problems. 

The  objective  of  this  paper  is  to  model  coupled  waveguides 
using  FDTD.  The  forward  and  backward  couplings  are  predicted  for 
two  geometries:  a  single  circular  aperture  and  a  dual  circular 
aperture.  The  single  aperture  coupler  simulations  are  performed 
using  different  mesh  dimensions  and  different  simulation 
durations  to  observe  the  model's  sensitivity  and  by  that  means 
determine  the  setup  for  FDTD  waveguide  simulations.  The  dual 
aperture  geometry,  however,  is  selected  to  be  the  same  as  in  [2] 
in  order  to  be  able  to  compare  the  calculated  results  with 
uicusuroments. 


The  FDTD  field  formalism  is  by  now  woll  known  ([6],[71),  and 
will  not  be  presented  here.  Only  the  introduction  of  the  field 
into  the  waveguide  requires  discussion.  The  electric  wall 
approach  is  used  fur  the  wave  launching.  An  incident  transverse 
electric  field  is  allowed  to  appear  spatially  only  at  a 
transverse  plate  in  other  end  of  the  lower  waveguide.  The 
amplitude  of  the  field  has  a  sinusoidal  distribution  across  the 
plate  resulting  in  a  wave  that  approximates  the  TK,g  mode. 
Temporally  the  incident  field  appears  in  the  shape  of  a  truncated 
gaussian  envelope  about  a  sinusoidally  varying  signal.  The  CW 
blocks  the  DC  power  and  shifts  the  frequency  band  of  the  pulse 
higher.  However,  a  truncated  pulse  has  always  an  Infinite 
frequency  band  and  therefore  some  energy  is  forced  inside  the 
waveguide  at  frequencies  below  cutoff.  This  energy  is  kept  to  a 
minimum  by  using  a  relatively  long  gaussian  envelope. 


Mudel  of  Coupled  Waveguides 

The  problem  space,  shown  in  figure  1  consists  of  4  sides 
fnat  are  defined  to  be  perfectly  conducting,  i.e.,  the  tangential 
electric  field  components  on  these  planes  are  forced  to  bo  zero. 
The  remaining  two  sides,  the  ends  of  the  waveguides,  are  open. 
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Electric  fields  on  these  sides  fulfill  Mur's  first  order 
approximate  absorption  condition  [8].  This  condition  produces 
some  reflection  for  waves  that  are  not  normal  to  the  boundary. 

In  a  waveguide  problem,  however,  the  wave  is  more  or  less  normal 
and  the  first  order  Mur  condition  is  sufficient. 

The  metal  plate  between  the  two  waveguides  is  defined  to  be 
infinitely  thin,  but  effectively  it  has  an  approximate  thickness 
of  half  the  cell.  Circular  apertures  are  approximated  with 
square  cells.  Several  different  diameters  8,  12,  13,  and  16  were 
used.  Naturally,  the  actual  shape  is  modeled  more  accurately 
when  more  cells  are  used.  The  distance  of  the  aperture  from  the 
source  launcher  was  selected  so  that  the  whole  pulse  can  fit 
inside  the  guide  before  the  aperture  is  encountered.  The  test 
locations  of  the  electric  field  components  in  the  backward  and 
forward  propagation  directions  were  selected  to  be  1/4  of  the 
aperture  diameter  away  from  the  edges  of  the  aperture. 
Transversely  the  te.st  locations  are  in  the  middle  of  the  upper 
waveguide.  The  coupling  coefficient  was  calculated  as  the  ratio 
of  electric  field  at  the  test  location  inside  the  upper  waveguide 
and  the  electric  field  inside  an  undisturbed  single  waveguide. 

Two  aperture  geometries  that  were  analyzed  are  shown  in 
figure  1.  The  first  one  consists  of  a  single  centered  coupling 
aperture  with  circular  shape  and  relatively  large  size.  The 
diameter  of  the  aperture  is  0.375a,  where  a  is  the  broad  side 
dimension  of  the  waveguide.  All  the  waveguides  have  a  2:1  ratio 
between  the  sides.  Three  different  mesh  dimensions  were  used: 

22  X  16  X  55,  32  X  16  X  80,  and  43  X  16  x  108  in  k,  ■} ,  and  z 
directions  respectively.  The  corresponding  diameters  of  the 
apertures  were  8,  12,  and  16  cells.  The  second  structure  has  two 
parallel  circular  coupling  apertures  that  are  slightly  smaller  in 
size.  Mesh  dimensions  are  42  x  26  x  108  in  k,  and  & 
directions.  The  diameter  of  the  apertures  is  13  cells.  This 
geometry  was  constructed  to  be  identical  to  one  in  [2]  in  order 
to  be  able  to  compare  the  results. 


Results 

Single  aperture  coupler  simulations  showed  that  after  8192 
timesteps  the  remaining  energy  in  propagating  waves  was  so  small 
that  truncation  had  negligible  effect  fcr  the  fast  Fourier 
transforaed  response.  The  forward  and  backward  coupling 
coefficients  for  32  x  16  x  80  -cell  geometry  with  12  cell  hole 
diameter  are  shown  in  figures  2a  and  b. 

The  model's  sensitivity  for  mesh  dimensions  was  conducted  by 
comparing  responses  of  the  single  aperture  geometry  with  three 
different  mesh  dimensions.  The  forward  and  backward  coupling 
coefficient  comparisons  at  a  narrower  frequency  band  are  shown  in 
figures  3a  and  b.  The  results  show  significant  difference 
betv/een  the  22  x  16  x  55,  and  32  x  16  x  80  and  32  x  16  x  BO 
-cell  geometries,  whereas  the  responses  for  43  x  16  x  108  and  32 
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X  16  X  80  -cell  geometries  are  very  close.  The  results  indicate 
that  32  cells  is  sufficient  for  modeling  the  broad  side  of  the 
waveguide  and  12  cellu  for  the  aperture  diameter  respectively. 

The  forward  and  backward  coupling  coefficients  for  a  coupler 
with  two  apertures  is  shown  in  figure  4.  The  experimental 
forward  coupling  results  from  [2]  for  the  same  structure  are  also 
shown.  The  forward  coupling  coefficient  is  a  very  close  match  to 
the  experiment.  Except  for  the  band  edges,  the  simulation 
results  fall  inside  the  measurement  accuracy  range.  Moreover  in 

[2]  it  was  observed  that  the  dirckctivity  (forward/backward 
coupling)  was  larger  than  3  dB.  Simulations  support  this  with  a 
minimum  of  approximately  2  dB  directivity. 


Conclusion 

Simple  waveguide  coupling  problems  wore  successfully 
analyzed  using  the  FDTD  method.  A  sufficient  setup  for  waveguide 
modeling  was  determined.  Results,  that  showed  little  sensitivity 
to  either  mesh  dimensions  or  simulation  duration,  were  achieved 
using  32  ceils  for  the  broad  side  of  the  waveguide,  12  cells  for 
the  aperture  diameter,  and  8192  tlmesteps.  With  a  well  modeled 
geometry  an  accuracy  inside  measurement  error  range  was  achieved. 
Although  these  simple  problems  can  be  approximated  reasonably 
well  with  analytical  expressions,  the  results  show  FDTD  method's 
potential  in  solving  more  complicated  waveguide  problems. 
Combinations  of  dielectric  and  metal  screws  and  slabs  as  well  as 
waveguide  junctir  can  be  analyzed  in  the  same  manner  and  with 
the  same  resourc. 
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